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CHAPTER 1 
INTRODUCrION 
1.1. MATERIAlS MECHANICS 
Ever since prehistoric times,, man has been aware of the differing 
nature of materials and throughout the ages has exploited their 
mechanical properties in making tools, weapons and other implements to 
meet a required purpose. Nowadays there is widespread development of 
new materials and the study of their mechanical properties is of Major 
importance. Scientists involved in this area of research are very 
often concerned with the relationship between the macroscopic 
mechanics of the material and its microstructure and how the knowledge 
of this relationship can be used to design structures able to 
withstand prescribed strain and stress levels. 
A century ago, the strerxjths of metals were ccmTcnly evaluated by 
applying successive dead weights to the end of thin wires and 
recording the extension in the wire produced by each addition. In 
this manner the yield stresses and ultimate tensile strengths of 
metals could be determined. However, it was soon realised that the 
observed mechanical strength in such tests depended on the -time 
allowed for the wire to respond to the change in applied load. In 
other words mechanical'strength depends on load rate and thus strain- 
rate. Hence, during this present century, numerous machines have been 
developed to test materials at constant and continuous load and 
strain-rates over a range of strain-rates. 
In many real instances such as in transport crashes, earthquakes, 
missile impact etc, the deformation of matter occurs rapidly i. e. at a 
high strain-rate. Consequently, it is often necessary in practical 
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design problems to have a good understanding of the high strain-rate 
properties of the materials concerned. The design of flasks for the 
transportation of nuclear waste is a good example where this is true 
in order to ensure that in the event of an accidental impact none of 
the contained radioactivity is released. 
Over the years 1986 to 1989 in the Physics DeparUrient at Loughborough 
University, the dynamic mechanical behaviour of type 224 carbon 
manganese steel (BS 1503 grade 430), which is used to fabricate 
nuclear waste and fuel containers in the UK, has been thoroughly 
investigated and the study forms the subj ect of this thesis. The 
mechanical behaviour of type 224 steel, like all other materials, 
depends critically on the ioposed tenperature and strain-rate. In 
experiments in materials mechanics these two parameters should always 
be specified. 
1.2 TEMPERAMM, T 
Temperature is a key parameter in all materials mechanics since it 
determines the type or types of deformation mechanisms which operate. 
Many materials have a critical temperature at which there is a 
ductile-brittle transition in mechanical behaviour. Under certain 
Conditions in metals, thermal energy may assist in the ability of 
dislocations to overcome obstacles to their motion and for such 
ocalitims the observed flow stress is reduced. 
Generally, most materials show a negative thermal sensitivity in that 
increasing the test temperature produces a decrease in the material 
strength or observed flow stress. There are, however, instances in 
which the opposite is true such as at temperatures which allow the 
diffusion of solute atoms in metals. 
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1.3 STRAIN-RATE, Zp 
1.3.1 The Meaning of High strain-Rate 
Strain-rate is usually defined as the strain caused by an applied 
stress divided by the time taken to produce that strain. It is more 
difficult, however, to define the classification of high strain-rate 
and low strain rate since this depends on the nature of the material 
(Cottrell, 1957). A high rate of strain does not merely mean one which 
is beyond the scope of conventional Instron or hydraulic testing 
apparatus but rather implies that the rate at which deformation occurs 
is comparable to the rate at which molecular processes take place 
within the material itself. In a substance such as glass for exariple, 
no matter how slowly it is bent or stretched to fracture, the rate of 
strain remains 'high' in the sense that the deformation occurs too 
quickly to allow plastic flow to occur. 
Table 1.1 shows a classification of four different strain-rate regimes 
which apply generally to the deformation and testing of metals. 
Within each regime a particular type of deformation mechanism 
operates. The range of strain-rates covered by the work described in 
this thesis is 10-4 s-1 to 5x 103 s-1. At low strain-rates below 
about 10 s-1, mechanical tests may be termed quasi-static since these 
tests are slow enough to allow a true equilibrium of applied stresses 
in the sample throughout the whole test. In tests at strain-rates 
above about 100 s-1 the deformation of sample material is determined 
by the propagation of stress waves which may be elastic or plastic. 
1.3.2 Elastic Waves 
Elastic stress waves travel through a metal without causing any 
permanent disturbance to the location of the atcms within the metallic 
structure. These waves propagate by the transmissicn of elastic energy 
frcm atcm to atcm, that is through distances of %, 3ý in a time 
', jo-13s. The speed of elastic waves, CO, in a long rod, is given by 
4 
Strain-rate Method of Testing Wave aticn 
Regime Effects 
1. Low rate Standard mechanical Not inportant 
< 0.1 S-1 testing procedures 
e. g. Instxcx machine 
2. Mediun rate Servo hydraulic fr&nes Influences load and 
0.1 s-1 <ý <200s-l cam plastmeter strain rreasurement 
drop weight test stress waves may 
cause I ringing ' of 
load cells 
3. High rate Split Hopkinson pres- Affects unifom 
200 s-1 , 105S71 sure bar (SHPB), rod stress approxima- 
irrpact (Taylor) tion wave analysis 
required for the 
interpretatim of 
results 
4. Yery high rate Flyer plate inpact Critical 
c> 105 S-1 
TABLE 1.1: CLASSIFICATION OF STRAIN RATE REGINM IN MrALS TESTDG 
C0 
p 
(1.1) 
where E is the Young's modulus and p the density of the material. 
For type 224 steel at room temperature in which E= 200 GPa and P 
7850 kg rr3 CO is 5048 ms-1. 
It can be shown (e. g. Cottrell, 1957) that the strain rate, ýe 
produced by the passage of an elastic wave through a material of 
thickness, L is 
EL (1.2) 
where cris the stress amplitude of the wave. 
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The fact that the elastic strain-rate, Ie is proporticnal to the 
reciprocal of the-Young's modulus, E, means that the observed elastic 
strain-rates in steels are often low when compared with strain-rates 
produced by plastic waves. 
1.3.3 Plastic Waves 
The propagation of plastic waves is more complicated than that of 
elastic waves since atoms no longer remain in their original cells but 
make permanent changes of position. Plastic waves therefore involve 
the shifting of a larger mass of material than elastic waves and 
consequently for the same applied force they travel with a lower 
velocity than the elastic wave speed, Co. 
Taylor (1946) has derived the following equation for the velocity, 
V(e), of an element of plastic wave in which the plastic strain is F-: 
V(C) + C) a/ 
ac 
p 
(1.3) 
where aa/ae is the slope of the true stress-strain curve. It is worth 
noting that as e -ý- 0 and a a/ 
equaticn (1.1). 
E, equaticn (1.3) will reduce to 
For most metals in the plastic region aa / 3c diminishes with 
increasing strain. In accordance with equation (1.3), this leads to a 
dispersion of a plastic wave as the rear parts of the wave rove more 
slowly than the leading parts. Type 224 carbon steel is an 
interesting material in that for many test conditions it shows a 
definite yield point in which Ba / BC becomes zero and usually 
negative. The consequence of this is that plastic shock frcnts are 
created as the rear parts of the wave catch up with the leadirxj front. 
These static fronts can be formed even in slow experiments and are the 
well krx)wn 'Luders bands' (to be discussed in Section 2.5). 
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The behaviour. Qf elastic and plastic stress waves is a vast subject on 
its own and the more important aspects have been recorded in the books 
by Kolsky (1953) and Johnson (1972). 
1.3.4 Thermal Softening at High strain-Rates 
Often in high strain-rate tests there is insufficient time for the 
thermal energy generated during the deformation to escape to the 
surroundings so that a significant temperature rise in the material 
may result. When this occurs the flow stress is often substantially 
reduced - adiabatic softening. When the rate of softening is equal to 
or greater than the rate of work-hardening an instability condition 
arises (Rogers, 1979) in which the deformation beccrnes increasingly 
more concentrated in one localised region of the specimen. The 
formation of the locnel in 'cup and cone' fracture of tensile tests 
pieces is a good example of this. 
1.4 MEMODS OF MATERIAIS TESTING 
Around 365 BC Aristotle postulated that in this world 'we are just as 
much the players as the spectators'. What this means in experimental 
physics is that it is not possible to measure anything without 
affecting the thing being measured and thereby influencing the outcome 
of the measurement. The only way of dealing with this dilemma is to 
take such precautions as to minimise, the errors due to the method by 
which the measurement is made. 
This principle is'especially true in the mechanical testing of 
materials where the sample geometry, the testing machine and the 
lubrication used can have a profound effect on the results obtained- 
Ideally we require that the mechanical properties recorded should be 
independent of these factors so that accurate predictions about larger 
structures of the same material may be made. The project described in 
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, 000 this thesis has covered a range of strain-rates frcxn 10-4 : Sj-1 to r 
s-1. Consequently it has been necessary to use three different pieces 
of apparatus: an Instica machine plus an ESH hydraulic machine for 
; <-10 S-1 (described in Chapter 3) and a split Hopkinson pressure bar 
for 0- > 80 s7l (described in Chapter 4). 
For each of the three methods used a critical analysis has been made 
of the validity of the method, the sample geometry, and lubrication to 
ensure that the results presented here have been obtained with maximum 
precisicn. 
Few materials testing machines exist which may be used over a range of 
strain-rates greater than any one of the regimes presented in Table 
1.1. This can prove quite irksome when experimental data is required 
over a wide strain-rate range since several techniques must then be 
used. However this fact has led to the development of a ocnsiderable 
number of different methods for materials testing within each strain- 
rate regime. The good thing is that these methods can be ocmpared 
and validated against each other as well as the results obtained fran 
the same material by different methods. 
1.5 THE APPLICATION IN NL)CLEAR TRANSPORMTION FLASK DESIGN 
Impact properties and high strain-rate phencmena in materials such as 
concrete, steel, wood and soil are of particular interest to the 
nuclear industry because of the need to construct high integrity 
plant. This subject has been recently reviewed by Miles (1989) where 
it was noted that there is still a surprising sparsity of well 
researched and reliable data on these relevant materials available 
through the technical literature. Steel is the most researched 
material of the four listed above and has been reviewed with regard to 
high strain-rate applications in the nuclear industry by Albertini and 
Montagnini (1977) and Tinkler (1986). 
SHOCK ABSORBER 
AND LID HEAT SHIELD 
luo 
(224 Carbon steel) 
WEIGHT - FLASK 8013Y ....... 
14t 
FLASK UO 
......... 
9 
LEAD /STEEL LLNER . 22 
SHOCK ABSORBER.. 2 
47t 
e 
c 
FIG 1.1 AGR IRRADIATED FUEL FLASK 
AGR 20 ELEMENT SKIP 
-LEAO / STEEL LINER I 
-,., 
FLASK BODY 
AEEW M 2144 
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The proj ect described in this thesis has been sponsored entirely by 
the United Kingdom Atomic Energy Authority (UKAEA) based at Winfrith 
in Dorset*. Their specific interest in the dynamic mechanical 
prcperties of type 224 carbon steel arises fran their work in the 
designing and testing of containers for the safe -- on cf 
nuclear fuel and spent fuel. 
The main objective of the Winfrith safety programme is the producticn 
of a ocnsistent and tested method for the design of arry spent fuel 
on container to survive a specified impact. To do this 
means that the factors ccntributing to the ultimate performance of the 
flask (plus ocntents) must be well understood. 
Designirxj a flask to withstand a severe impact requires: 
a) a stress analysis of the ocoponents of the flask to establish the 
maxim= 'effective' stress (or strain) and location for a n=ber 
of imposed decelerations at various orientations; and 
b) a knowledge of the material properties to set the maximum 
allowable stress (or strain) to prevent failure. 
There are two general types of flask (cylindrical and cuboid) used for 
the transportation of nuclear fuel by road or rail in the UK today. 
They are illustrated in the 'exploded' views of Figures 1.1 and 1.2 
(Neilson, 1984 and 1985). 
* Now called AEA Tecl=logy (Winfrith) 
FLASK LID 
(224 Carbon steel) 
WEIGHT-. FLASK BODY 25.70 t 
FLASK LID 4.41 
LEAD/STEEL LINER 32.00 
SHOCK ABSORBER 1.14 
63.2-5t 
FIG 1.2 EXCELLOX FLASK FOR TRANSPORT OF IRRADIATE. 0 OXIDE FUEL 
AEEW M2144 
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Flasks used for the tr on of AGR fuel are of the cuboid type 
with side lengths 2.2 x 2.3 x 2.6m and laden weights of nearly 50 
tome (see Figure 1.1). The fuel load carried in such a flask is only 
1 tcrme. Twenty fuel elements are held in the fuel skip surrounded by 
a composite stainless steel/lead liner within a finned steel vessel. 
The fuel is immersed in water with a small ullage volume (container 
not ocrnpletely filled) and ports in the liner and fuel skip to allow 
heat generated by radioactive decay to be transferred to the flask 
vessel by thermal syphon. The flask lid, made mostly of 224 steel, is 
bolted to the body and the seal is formed by a compressed elastcmeter 
gasket. The fins on the flask body provide a form of shock absorber as 
well as assisting with the transfer of heat to the surroundings. 
Figure 1.2 shows the Excellox cylindrical flask which is used for the 
on of light water reactor (LWR) fuels. A number of fuel 
elements are carried in a "bottle" surrounded by a composite stainless 
steel/lead liner. The 1.5m diameter x 5m cylindrical body of the flask 
is finned to assist in the rejection of decay heat, internal heat 
being transferred to the outer case via a water thermosyphon. The 
flask lid (224 steel) is attached to the body by a number of bolts and 
the seal is effected by elastometer gaskets. The laden weight of the 
Excellox flask is typically 70 Mg. 
Balsa wood is often incorporated as a shock absorber in the lids of 
transportation flasks since it displays remarkable energy absorbing 
capacity for its mass. 
Figure 1.3 illustrates the way in which the cuboid AGR type flask is 
tramported by rail cn a flatroll carriage. 
The impact testing of full size and scale model flasks is a crucial 
aspect of safety work in the nuclear industry. The most memorable 
ex&rple of such tests was the public demonstration test in 1984 where 
FIG 1.3 Flask veNcle (flatrOl) 
(aftet Miles, 19 89) 
BOTTOM EDGE ATTITUDE 
II 
AXIS HORIZONTAL 
FLAT BOTTOM 
FIG 1.4 Dnjrn impact attftWes (after Miles, 1989) 
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a 140 tome Type 46 locomotive plus six coaches were crashed into a 
derailed flask/flatroll (Figure 1.3) at a speed of 45 md-1 (, vll2 mph) 
(Miles, 1989). 700 ms after impact the flask and loccmotive plus 
carriages attained a ocmmon velocity of 33.5 ms-1 (-. 83 mph). The 
flask detached itself frcm the flatroll and finally came to rest at a 
distance of 60m down the track frcm the impact point. The mechanical 
damage to the flask was insignificant (Miles et al, 1985 and Tcmlinscn 
et al, 1985). 
At Winfrith there are two main impact test facilities available for 
the testing of full size and scale model flasks. The drop test 
facility is capable of lifting masses up to 90 torms to a height of 
30m. The surface onto which the flask is dropped is formed frcm, one or 
more anroured-steel plates grouted on to a massive reinforced concrete 
backing structure. The recently developed horizontal impact facility 
is capable of launching 2 tonne model flasks at speeds up to 45 ms-1 
at a large reinforced concrete structure. 
Drop tests are the easiest and most ccmmonly performed type of impact 
test and allow a variety of impact orientations to be investigated 
(see Figure 1.4 from Miles, 1989). Often the impact attitude chosen is 
the one which is most likely to cause the maximum damage to the flask 
or model. 
Neilson (1985) has reviewed the variety of impact tests carried out on 
nuclear material containers in Germany, USA, France and Japan as well 
as the UK. These studies have demonstrated that the damage or 
Permanent deformation (strain) produced in a flask during an impact 
test is proportional to the square of the impact velocity. 
Furthermore it has been found that impact tests on models of flasks 
generate data which accurately describes the behaviour of the full 
sized flask provided that the dimensions of the model are not less 
than 1/4 those of the actual flask. 
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Current regulations for licensing transportation flasks require that 
the flask should be capable of surviving a 9m drop onto an annoured 
steel plate/reinforced concrete surface. Hart et al (1985) have 
estimated that the probability of a nuclear fuel flask suffering an 
impact as severe as the one in the regulatory drop test during normal 
transportation is 10-81per year. 
A vital aspect of the Winfrith safety programme is the computer 
analysis and modelling of flask behaviour in impact. Prediction of 
the strains generated in a flask from a specified impact is usually 
done with the aid of finite element analysis (illustrated in Figure 
1.5). By this method the caTputer constructs the flask as a complex 
mesh of elements to each of which the material properties are 
assigned. Frcm an initial specification of the impact conditions the 
ocn, puter calculates the deformation caused by solving the boundary 
conditions between each of the elements. For an acceptable level of 
accuracy in the calculation a large number of finite elements are 
required and hence the problem can only be solved using very large 
computer systems. 
At Winfrith three main finite element codes are employed: DYNN 3D, 
HONDO-II and ABAQUS. The relative merits and performance of each code 
have been discussed with regard to nuclear fuel flasks by Neilson 
(1984), Cooper et al, (1988) and Neilson et al (1989). 
The real test of these computer codes comes of course when the results 
they produce are ccrnpared with experimental measurements made during 
an actual flask impact test. Such comparisons can be readily made 
when strain gauges are fixed to the flask at points which correspcnd 
to certain nodes in the equivalent finite element mesh. 
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Figure 1.6 shows a comparison between computer calculations of hoop 
strain using the HONDO-II finite element code and the' actual hoop 
strain measured by strain gauges mounted on the impacted flask. 
Importantly this graph shows the better agreement between experiment 
and theoretical calculation obtained when strain-rate effects are 
incorporated in the ccmputer analysis. 
This last observation reveals the purpose of the project described 
here; to establish a thorough knowledge of the mechanical behaviour 
of 224 carbon steel over a wide rarxje of strain-rates so that inpact 
deformaticns produced in flasks made of this metal can be predicted 
and modelled by computer with greater accuracy. It is hoped that the 
work presented in this thesis will ultimately lead to the safer design 
of containers for the transportation of radioactive materials. 
1.6 THE OBJECTIVES OF TM PROJECT 
The initial principal aims of the work described in this thesis are 
outlined below: 
a) TO rGmrd the mechanical properties of 224 carbcn steel over a 
strain-rate range frcm 10-4 S-1 to 5000 s-1 and at temperatures 
of -4CPC, rocm temperature (200C) and 1500c. in actual fact this 
original temperature range was expanded to include tests at 
-110'OC and +300PC (results presented in Chapter 9). 
b) TO ccmParG the tensile and ocapressive properties of the steel 
(ChaPters 6,7 and 9). 
C) To assess two (Instron and, an ESH hydraulic) materials testing 
machines at Loughborough for tests at low and intermediate 
strain-rates and to ccmpare the results on 224 steel frcm each 
machine (Chapter 3). 
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d) To assess and validate the SHPB facility in the Physics 
Department at Loughborough University for both ccmpressicn and 
tensile tests at high strain-rates (Chapters 4,5 and 7). 
e) To assess the importance of specimen geometry and lubrication in 
the above mechanical testing systems and to establish optimum 
specifications for each (Chapters 3,4,6,7 and 9). 
f) To attempt to measure and quantify the effects of adiabatic 
heating on the flow stress in ocmpression samples at high strain 
rates (Chapter 8). 
To establish, a theoretical model which relates the observed 
macroscopic mechanical properties of 224 carbon steel to the 
mechanisms which control the motion of dislocations (Chapter 10, 
thermal activation). 
h) To examine the microstructure of the steel and relate this to the 
observed mechanical properties (Chapter 11). 
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CHAPTER 2 
N=HANICAL PROPERTIES OF CARBON STEEL 
2.1 INTRODUMON 
Steels are by far the most widely used metallic materials around the 
World, accounting for about 80% by weight of alloys in general 
industrial use today. Multifarious steels have now been manufactured, 
which provide an extensive range of mechanical properties from 
moderate yield strengths of 200 to 300 rAPa with excellent ductility 
and toughness, to very high strengths in the region of 2000 DTa with 
adequate ductility. 
Today it is possible to design a steel to have a particular strength 
and ductility by careful control of the quantities of its alloying 
elements and heat treatment. Due to the large number of steels 
existing there is inevitably, much duplication of mechanical 
properties and so research into the mechanics of steel is inTportant in 
order to establish the optinium and most cost-effective design of a 
steel for a given application (Baird and Preston, 1973). 
The work described here is concerned with 224 carbcn manganese steel 
(BS 1503-224-430 grade) which is used in the fabrication of large 
containers for nuclear waste transportation and, therefore, should be 
expected to display good impact properties i. e. high yield strength 
and ductility at high strain rates. 
Due to the large number of variables irwolved in steel making, both in 
terms of chemical additions and thermal processes, the relationship 
between structure and mechanical properties is very ocrrplex. This 
literature review begins by discussing the fundamental features of 
pure iron and then oonsiders the basic mechanisms which strengthen 
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FIG2.1 Temperature dependence of the mean volume per atom in iron crystals 
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FIGuRE 2.2 (a) Tetrahedral and (b) octahedral sites in the a-iron lattice. 
(Hume-Rothery, 1966) 
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iron when, alloying elements are added to form steel. For a complete 
understanding of these strengthening mechanisms a knowledge of 
dislocation theory is required. Here the more igportant historical 
developments in the theory are covered and the essential significance 
of strain rate (; ) and temperature (T) is described. Finally high 
strain rate effects are noted and a review of other work on the 
dynamic mechanics of carbon steel is made. 
2.2 IRON AND ITS SOLID SOLUMONS 
2.2.1 IrCn 
7b understand how the mechanical properties of steel are related to 
its microscopic structure it is necessary to have some preliminary 
knowledge of the crystallography of iron and to then consider how the 
iron lattice is affected by the addition, of solute atcms. This is the 
approach used here and through the following sections. 
Pure iron has two crystal forn-ts, one body centred cubic (BCC) known as 
a -ircn or FERRITE which is stable from low temperatures up to 
9100C 
(the A3 point) when it converts to ,a stable face-centred cubic (FCC) 
form known as y-iron or AUSTENITE. At 76CPC, the A2 point, iron 
becaTes non-magnetic until 139(Y)C, the A4 point when it reverts back 
to the BCC form now termed 6-iron. This third form is magnetic and 
remains stable up to the melting point at 15360C. 
Figure 2.1 shows the phase transformation in a plot of the mean volume 
per atcm of iron versus temperature. It may be deduced from the graph 
that the 'y -*a phase conversion. is acoonpanied by an atomic volume 
change of roughly 1% which leads to the generation of internal 
stresses. This reflects the fact that FCC is a more closely packed 
structure than BCC. 
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The five most important mechanisms by which ircn can be strengthened 
are: 
1. Solid solution strengthening by interstitial atcrns 
2. Solid solution. strengthening by substitutional atcms 
3. Dispersion strengthening 
4. Refinement of grain size 
5. Work hardening. 
In plain carbon steels, it is the first of these which is of most 
consequence since it is the interstitial solutes, carbon and nitrogen 
which make the largest contribution to the strength of the iron 
lattice. They play a key role in interacting with dislocations and in 
combining with some of the metallic alloying elements found in steels. 
2.2.2 Carbon and Nitrogen in Solid Solution with Iron 
The gecmetry of unit cells of a and -y-ircn has a particular bearing on 
the solubility and dif fusivity of carbon and nitrogen and so 
ultimately determines the general behaviour of plastic deformation. 
Figure 2.2 illustrates the two possible sites in the a-iron lattice 
which the interstitials, carbon and nitrogen may occupy. They are 
n&red tetrahedral and octahedral sites after the configuration of 
surrounding atoms and there are equivalent octahedral and tetrahedral 
sites in the FCC Y-iron. 
Table 2.1 shows the largest diameters of spheres which will fit into 
the interstices of BCC and FCC iron. When one compares the available 
space with the atomic sizes of C and N given in Table 2.2, it is clear 
that there must be some lattice distortion when these atoms are 
present in iron. In fact, it is found that C and N atoms tend to 
occupy the smaller octahedral sites in a-ircn displacing only two 
nearest neighbour atoms rather than the larger tetrahedral locations 
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which would Irrvolve, the displacement of four iron atCms and would 
therefore require more strain energy. 
0 
Diameter Diameter in ircn (A) 
BOC tetrahedral 0.29r 0.36 
octahedral 0.15r 0.19 
FUC tetrahedral 0.23r 0.28 
octahedral 0.41r 0.51 
r= atcmic radius of a-iron. 
TABLE 2.1: SIZE OF LARGEST SPHERES FITTING INTERSTICES IN BC)C AND FCC 
STRUCTURES 
Element 
0 
Atcmic Radius, r (A) r/rFe 
a-Fe 
c 
N 
1.28 
0.77 
0.72 
1.00 
0.60 
0.57 
TABLE 2.2: ATCMIC SIZES OF CARBON AND NITROGEN IN IRON 
Temperature (0c) -Solubility wt-W - at % 
c in Y-irm 1150 2.04 8.8 
723 0.80 3.6 
C in a -ircn 723 0.02 0.095 
20 <0.00005 <0.00012 
N in y-ircn 650 2.8 10.3 
590 2.35 8.75 
N in a-ircn 590 0.10 0.40 
20 <0.0001 <0.0004 
TABLE 2.3: SOLUBILITIES OF CARBON AND NITROGEN IN Y- AND a-IRON 
(Honeyccmbe, 1981) 
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Table 2.3 illustrates how the solubilities of carbon and nitrogen are 
greater in austenite than in ferrite due to the larger interstitial 
spaces existing in austenite. It also shows how the solubilities 
increase with increasing temperature for the range of temperatures 
presented, a principle which is exploited in the heat treatment of 
steel. 
The solubility trends of Table 2.3 reveal themselves in the ircn- 
carbon equilibrium diagram which forms a fundamental foundation for 
understanding the nature of all steels (Figure 2.3a). The diagram 
itself should really be regarded as representing the metastable 
equilibrium between ircn and ircn carbide, Fe3C, known as CEMENTITE 
since Graphite occurs rarely on its own in an equilibrium phase in 
steel. 
The incMased solubility of carbon in austenite is demonstrated by its 
large phase field compared to that of ferrite. At point E the carbon 
solubility reaches a maxirmn of 2% wt at 11470C. The bottom left hand 
oorner of Figure 2.3a has been ezcpanded, in Figure 2.3b. It shows how 
severely restricted the a-iron phase field is with a maxim= carbon 
solubility of only 0.02 wt%- at 7230C (point P). 
The vast difference in carbcn solubility between, y- and a-ircn leads 
to the rejection of carbon in the form of iron carbide at the 
boundaries of the -y-phase field. The y-*a-ircn transformation occurs 
via a eutectoid reaction at a temperature of 7230C where the eutectoid 
composition contains 0.8%- C (Point S). Thus upon slowly cooling alloys 
which contain less than 0.8% C frcm taTperatures above A3 = 910 OC, 
hypo-eutectoid ferrite is formed frcm. austenite throughout the range 
910 to 7230C. Consequently, the residual austenite is steadily 
enriched in carbon until at 7230C, when its carbon content reaches 
0.8%, it transforms to PEARLITE, a lamellar mixture of ferrite and 
iron carbon (cementite). 
Temperature 
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FIGuRE 2.4. Fe-N phase diagrams (from Keh and Leslie, 
1963) 
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FIG2.5 The Burgers circuit in, A, edge and, B, screw dislocations. (After 
Friedel, 1964, Dislocations, Pergamon Press, Oxford. ) 
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This is what takes place in the manufacture and subsequent ooolirxj of 
224 carbon steel whose carbcn content is 0-18% wt (see Table 2.4). 
Hence, the two. phases ferrite, and pearlite are the prime 
constituents of the microstructure of this type of steel and naturally 
influence its mechanical properties. 
As indicated earlier, nitrogen can also play an inportant part: in the 
structure of steel and this element too has various phase equilibria 
with iron (see Figure 2.4). However in the case of the 224 carbon 
steel under investigation. here, the concentratim of nitrogen is very 
small and most of it will be combined with aluminium anyway. Thus the 
predcminant mechanical effects are produced by the 0.18% wt carbon. 
C Si Mn ps Cr M Ni V Al Cu Sn H2 
PPM 
. 18 . 34 1.21 . 009 . 005 . 12 . 03 . 15 . 01 . 016 . 22 . 015 2.9 
TABLE 2.4: MANUFACWRERS ANALYSIS OF 224 CARBON MAMANESE STEEL BS 
1503-430 GRADE 
(Fran Forgenasters Steel Ltd, Sheffield) 
2.2.3 Substitutional Solid Solution in Ircn - 
Apart fran carbon and hydrogen, all the constituent elements of Table 
2.4 occupy substitutional sites within the a -iron lattice, that is 
they replace actual Fe atoms in the BCC structure. The effects of 
these additional alloying elements on the iron-carbon. equilibrium 
diagram (Figure 2.3) are remarkably complicated. Wever (1928) showed 
that alloying elements could influence the Fe-C phase diagram in one 
of two ways: 
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by expandirxj the y -field and thereby encouraging the formation 
of austenite over wider ocripositional limits and temperatures. 
The elements which produce this effect are termed 'Y- 
stabilisers I and include Ni, Mn, Co, Ra, Rh, Ph, Os, Ir and Pt. 
Both Ni and Mn depress the phase transformation y -b-a-ircn to 
lower temperatures i. e. A, and A3 are lowered. 
by contracting the Y-field and enhancing the formation of 
ferrite. 'a-stabilisers' include Si, Al Be, Pt, W, V, Mo, Cr, 
B and Ta. 
In the first half of this century, before the mechanisms of solid 
solution strengthening and dislocation dynamics in iron were fully 
understood, Edwards (1952) carried out a comprehensive range of 
investigations into the effects of alloying elements on the mechanical 
and chemical properties of mild steel. His observations on the more 
important elements of Table 2.4 are summarised qualitatively below. 
SILICON acts as a deoxidising agent but if added in too large a 
quantity it will create cavities within the steel. 
SULPHuR is an unwanted impurity which causes weakness and cracks. It 
is neutralised by manganese in the formatim of MLS. 
PHOSPHORUS is always present in steels. It tends to make the metal 
harder but more brittle and so should be <0.04% in a high quality 
steel. 
MAWLANESE is very often added to steel as a cleansing agent since it 
ccmbines with a good proportion of the dissolved oxygen in liquid 
steel and neutralises sulphur. The distribution of Mn is more ocMplex: 
than that of the other elements since as well as taking up 
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substitutional sites in the iron lattice it forms sulphides and 
carbides which ocabine with cementite. Increasing the Mn ocntent 
generally hardens the steel -a trend to be explained later. 
ALUMINIUM is used as a deoxidising agent and is normally added to the 
ladle before tapping. It forms no carbides but does ocrrbine with the 
dissolved nitrogen. 
The presence of NI= in steel is inevitable since the element is 
indigencus to iron ore. Increasing Ni in steel tends to increase the 
yield stress and ultimate tensile stress without decreasing the 
elongation, at fracture. It does this by lowering the A3 point which in 
turn leads to grain refinement. 
The presence of more than 0.1% coppER in steel is undesirable for many 
applications where high ductility is essential but it does have the 
favourable feature of increasing the steel's resistance to corrosion. 
Like Ni, copper does not form carbides. 
CHRCKM and TITANIU, 4 are only found in steel if added intentionally 
to raise the metal's resistance to corrosion. If sufficient quantities 
of Cr and Ti are added the steel is decarburised by the formation of 
TiC, Cr3C, Fe3CrC etc and consequently no distinguishable yield point 
aPPears in the stress-strain curves for such 'steels. The reason for 
this will be made clear in the followirxj sections. 
2.3 MT TREATMENT OF STEEL 
There are essentially two main heat treatments ocumnly carried cut cn 
steels, normlising and annealing. Both are rather vague and variable 
processes and are usually adjusted to fit the requirements of the 
steel. 
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NORýMISIDG is a process in which the steel is reheated to between 
509C and 1000C above the A3 temperature to form austenite,, followed 
by air cooling through the y-*a transformation. This recrystallisation 
process results in the refinement of the austenite and ferrite grain 
sizes and achieves a fine pearlite structure. The rate of cooling 
will depend on the dinensions of the steel although forced air cooling 
is scmetimes used on larger billets and ingots. The 224 carbon steel 
received for the investigation described in this thesis had been 
normalised, frcm 88CPC. This seemingly low normalisation temperature 
was possible because of the lower A3 point for 224 steel due to the 
relatively high Mn content. 
ANNEALRr, covers a wide range of heat treatments. It is generally 
defined as heating to a temperature which is suitable for the removal 
of any hot or cold-rolling stress or 'work-hardening' which may have 
been put upon the material. Usually the cooling is carried out slowly 
in a furnace giving a coarse pearlite thereby providing good 
machineability. 
2.4 DISLOCATIMS 
The mechanical properties of iron and steel have been studied for 
several hundred years but the mechanisms which control their behaviour 
in plastic deformation have not been understood until recently. In the 
1920's it was realised that the slipping of planes of atoms over each 
other occurred as a result of a large force being applied to a 
crystal. However, the stress required was several orders of magnitude 
lower than the theoretical shear stress calculated by assuming a 
periodic variation of shearing stress with atomic displacement. The 
discrepancy could only be accounted for by the existence of 
imperfections or DISLOCATIONS in crystal lattices and thus the subject 
of dislocation theory was developed in the middle of this century. 
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An outstanding book was written in 1953 by A. H. Cottrell which 
describes the early dislocation týhem: Y in relation to plastic flow. 
Much of what is presented there still holds true today. 
The emergence of the electron microscope in the 1960's led to 
increased knowledge of the behaviour and structure of dislocations by 
direct observation of them within crysials. Brandon and Nuttirxj (1960) 
were two of the first to use this invaluable research tool to study 
dislocations incl-(-ircn for a variety of annealing and deformation 
conditions. Since then numerous electron microscope investigations 
have been carried out on iron and steel. The remarkable feature of the 
theory is how Well the type and mobility of crystal defects can be 
defined, so that at the present time we have achieved a very precise 
understanding of yield and plastic flow. This does not mean, however, 
that our knowledge is complete. 
Since the activity of dislocations is at the root of the mechanical 
behaviour of steel it is worth noting here scme of their essential 
features. There are two basic types of dislocations termed EDGE and 
SCREW dislocations, the form and structure of which are best 
appreciated by studying ball and wire models (Bilby, 1950). Figure 2.5 
shows schematic diagrams of the two types of dislocation. 
The edge dislocation is characterised by the iiitroduction of an extra 
half plane of atoms into the crystal. The half plane may be above the 
slip plane in which case the edge dislocation is termed POSITIVE or 
below it in which case the dislocation is NEGATIVE. For a given shear 
stress positive and negative dislocations will move in opposite 
I 
directims. 
Edge dislocations are defined precisely by their Burgers vector, b 
which describes their displacement direction. 
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The Burgers vector is defined by means of a Burgers circuit, shmn in 
Figure 2.5, which is an atcmic path involving two lattice directions 
normal to each other which is then retraced using vectors of the same 
strength but opposite sign. In the lower half of Figure 2.5a a Burgers 
circuit is applied to a perfect part of the lattice and the circuit is 
a closed rectangle. However in the upper half of this diagram a 
similar circuit encloses an edge dislocation and there is a resulting 
'closure failure', the magnitude and direction of which defines b for 
the dislocation. 
The Burgers vector, b is def ined in a similar way for a screw 
dislocation as slxmn in Figure 2.5b. As with edge dislocations, screw 
dislocations also have a sense, they can be either LEFr or RIGHT 
WNDED and the tvo types will nove in opposite directions under a 
given shear stress. 
As a result of the presence of the extra half plane of atcms, edge 
dislocations are much more restricted in their mobility than screw 
dislocations. Both types of dislocation are able to move on their own 
slip planes without diffusion of atcms -a CONSERVATIVE motion known 
as GLIDE. However edge dislocations can only move into parallel 
adjacent slip planes by shedding or gaining atoms - NON CONSERVATIVE 
motion known as CLIMB which is thermally activated. This type of 
movement does not apply to screw dislocations. Glide of many 
dislocations results in SLIP. 
Dislocation lines camot begin or end in the middle of a crystal 
structure, they must do so at a crystal face or grain boundary or form 
loops. 
The force, F, on a dislocation line or loop, acting at right angles to 
it, is given by 
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'r. b (2.1) 
where 1. is the shear stress actirxj on the slip plane. In BCC ira and 
steel the favoured slip planes are (1,1,0), (1,1,2) and (1,2,3) and 
slip direction, <1,1,1>. The magnitude of shear stress required to 
move a dislocation was first determined by Peierls (1940) and Nabarro 
(1947) and thus is ocnTrmly known as the PEIERLS-NABARRO STRESS. 
Since even well-annealed steel ocntains "grown in" dislocations, it 
follows that every slip plane will be threaded by dislocations so that 
a dislocation gliding in one particular slip plane will have to 
intersect with the dislocations crossing that plane. These native 
dislocations are known as FOREST DISLOCATIONS. During plastic 
deformation when dislocaticns belonging to different slip systems 
interact they create JOGS and thereafter their motion is inhibited. 
Jogs may be viewed as steps on the dislocation which move it from one 
atomic slip plane to another. Similarly steps in dislocations 
occurring on, the same slip plane are called KINKS. 
The above has presented some of the fundamental features of 
dislocations which will be expanded upon in describing yield point and 
plastic flow phenomena in carbon steel. The book by Hull and Bacon 
(1984) is an excellent introductory guide to dislocations. 
2.5 THE YIELD POINT IN CARBON : 
2.5.1 General Description of the Yield Point 
The rriecýnical behaviour of carbon steel is different from most other 
metals in that deformation of the steel beyond its elastic limit is 
characterised by a very definite yield point in which the stress, and 
thus load, on the test piece are seen to drop whilst the strain 
continues to increase (Owen, 1963). Figure 2.6 shows the two types of 
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engineering stress-strain curves which are coamonly obtained fran 
standard tensile tests on metals. Figure 2.6b illustrates the type of 
yield point usually observed in carbon steels, whereas Figure 2.6a 
displays the type of uniform yielding ocmon to many other metals and 
alloys, for example aluminium, copper or stainless steel. 
Uniform or ocntinuous yield is so named, since all the elements of the 
test piece yield and deform simultaneously and strain is uniformly 
distributed along the gauge length. There is a gradual transition frcm 
the elastic to plastic regim as shom, so that defining the point at 
which the onset of plastic deformation begins can be quite arbitrary. 
In the second type of yield, Figure 2.6b, concomitant to the 
deformation of carbon steel, the distribution of strain is not uniform 
throughout the specimen. Normal linear elastic extension occurs with 
increasing stress (AB) up to a level known as the upper yield stress, 
allyp. The3aafter, deformation proceeds at -a decreased stress level, 
termed the lower yield stress, aLyp but the deformation is not 
homogeneous at this stage. The specimen is divided into regions known 
as Luders bands [after their discoverer Luders (1860)] where the 
strain is of the value, cL (Figure 2.6b) and undeformed regions of 
zero strain known as Hartmann lines (HarUmann, 1896). 
The Luders strain, cL is dependent on the grain size and may be as 
high as 5-W. Luders bands can often be observed optically by critical 
illumination (see for example, Winlock, 1953). allyp can be regarded 
as the nucleation stress for Luders band formation, while a Lyp is the 
stress - at which they grow until they have spread alcrq the whole 
length of the specimen (point D). Luders bands form with their frmts 
approximately 450 to the tension axis (Hall, -1951). 
27 
Beyond point D the deformation becomes homogeneous once more until the 
ultimate tensile stress aUTS is reached at point E. Thereafter 
'necking' develops leading eventually to ductile fracture at F. 
One of the consequences of the formation of Luders bands is that it 
takes some small time for the formation of effective nuclei. Thus, if 
a load is impulsively applied to a specimen there will be a finite and 
measurable delay before the specimen yields. Russell et al (1961) have 
studied the question of 'delayed yield' in low carbon steels. 
The whole subject of yield point phenanena in steel and other metals 
is excellently reviewed in the book by Hall (1970). 
2.5.2 Effect of Testing Machine and Specimen shape on the Yield Point 
Both the type of machine and the shape of test specimen used have a 
crucial bearing on the magnitude and shape of the yield point in 
carbon steel. In the last century, stress-strain relationships were 
determined by noting the relative extensions in wires caused by the 
addition of dead weights. Obviously, by this method it would be 
impossible to record a lower yield point. Since the early part of this 
century screw driven Instron type machines and more recently hydraulic 
machines have been used to conduct tensile experiments on metals. 
These two types of machine are capable of detecting and recording 
upper and lower yield points if they are stiff enough to respond to 
the sudden drop in load. The important factor in this kind of low 
strain rate testing is the relative elastic stiffness of the machine 
as COMPared to that of the specimen. Very often in the tensile testing 
Of steels the specimen may have a larger elastic nx)dUlus than the 
machine so that the displacwent of the gripping arms of the machine 
may totally swamp out any yield effects. 
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Figure 2.7 illustrates how the elasticity of the testing machine can 
affect the resulting yield point in the stress-strain reoord. Figure 
2.7a shows how the testing machine can be regarded as an elastic 
spring coupled to the specimen. The machine displacement is then the 
product of the load and the elastic spring constant, K. Figure 2.7b 
shows how less marked the yield point becomes as K decreases (i. e. the 
machine becomes softer) and the difference between cYUYP and aLYP is 
depressed. Johnston (1962) has paid particular attention to the 
question of the role of machine stiffness in yielding of LiF which 
shows marked upper and lower yield points. His work proved that an 
increase in machine 'hardness' or 'stiffness' by a factor of 25 could 
double the difference in stress between upper and lower yield points 
U. e. a Uyp - cLyp). 
In tensile testing the shape of the specimen has a marked effect on 
the yield point. As pointed out earlier the upper yield stress, crUyp 
is the stress which causes the onset of nucleation of Luders bands 
which will occur at the point of maximum stress concentration usually 
at the fillets of a test piece (Sylewestrowicz and Hall, 1951). Thus 
by the use of specimens which consist of fillets having large radii of 
curvature and therefore a more gradual change in cross section frcm, 
the gripping head to the central parallel region, it is possible to 
record very large values of allyp (Edwards et al, 1943). For these 
reasons, Crussard (1963) concludes that cyLyp is a fairly reliable 
measure of the mechanical strength of the steel unlike auYP which is 
very sensitive to specimen shape and testing technique. 
2.5.3 Effect of Strain-Rate and Temperature on Yield Point 
Most of the foregoing discussion referring to low or intermediate 
strain rates (< 1 s-1) applies at higher strain rates. In the dynamic 
testing of steel, specimen shape and the relative 'stiffness' of the 
testing apparatus are still very important. 
Although the subject will be discussed at greater length in the 
following sections, it is worth noting here that strain-rate and 
temperature have reciprocal ef fects on the yield point of ixci and 
steel. Thus increasing the temperature of the test tends to lower the 
level of the yield point which also occurs when the strain rate is 
decreased and vice-versa. Kenyon and Bums (1934) observed that in low 
carbon steel the yield point disappeared above a testing taTperature 
of about 30OPC. 
Much work has been carried out in the study of the direct effect of 
temperature on the yield point of iron (Brown and Ekvall, 1962 and 
Altschuler and Christian, 1967). 
2.5.4 Strain Ageing 
An important aspect of the mechanical behaviour of carbon steels is 
strain ageing (Baird, 1963) which has very important consequences in 
the forming of sheet steel and deep drawing operations., If after 
stressing a steel sample beyond its yield point it is unloaded and 
then restrained immediately the yield point does not return. If 
however the sample is rested for a long time at room temperature or a 
shorter time at an elevated temperature between 100 and 2009C then the 
yield point reappears on subsequent restraining. This is the 
phenomenon which is known as strain ageing. 
In elevated temperature tensile or ocapression tests on iron and steel 
the sharp yield point is gradually eliminated as the test temperature 
is raised. At a certain critical temperature the stress-strain curve 
beccmes: serrated or, in other words, ocaposed of a large number of 
small yield points as shown schematically in Figure 2.8. The effect 
was first reported by Portevin and Le Chatelier (1923) and may be 
described as dynamic strain ageing. It is also known as blue 
brittleness (Kenyon and Burns, 1934) as blue is the interference 
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FIG2.8 The Portevin-Le Chatelier effect as observed in iron (schematic) 
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colcur of the surface of steel when oxidised at around 30OPC. Lohe et 
al (1982) have made a detailed study of the effect in cast iron. 
2.5.5 Cottrell-Bilby Theory of the Yield Point 
The observed yield point in carbon steel cannot be regarded as an 
intrinsic quality of iron itself since the sharp upper and lower yield 
Point can be obviated by annealing the metal in an atmosphere of wet 
hydrogen which reduces the carbon. and nitrogen content to a very low 
level (Edwards et al, 1943). Hence the existence of such pronounced 
yield points must be directly due to the presence of the interstitial 
atoms of carbon and nitrogen. 
Cottrell and Bilby (1949) first showed that these interstitial atoms 
would interact strongly with the strain fields of dislocations. The 
interstitial atoms themselves have associated strain fields so that 
when they move to sites within the dislocation strain fields their 
OCMbined total strain energy is reduced. This results in the formation 
of atmospheres of interstitial atoms in the vicinity of dislocations. 
When such atmospheres form along the cores of dislocations they are 
said to be condensed. 
Figure 2.9 displays the interstitial atmospheres which may arise 
around an edge dislocation. In the condensed atmosphere Figure 2.9b 
where a carbon atom takes up a position where there is maximum 
dilation of the lattice the binding energy is about 0.5 eV. 
Consequently dislocations can be locked in position by the atmospheres 
of Carbon or nitrogen atoms which form around them. The upper yield 
stress, according to this model, may be regarded as the stress 
required to 'unlock' dislocations from their interstitial atmospheres. 
As more and more dislocations are unlocked and so become free to nx)ve 
less stress is required for the deformat ion to proceed and hence a 
lower yield point develops. 
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One attractive feature of the theory is that a very small 
concentration of interstitial carbon or nitrogen is needed to Produce 
the locking of a whole length of all the dislocations in annealed 
iron. For a typical dislocation density of 108 lines crrr2 in annealed 
iron only 10-6 wt % carbon is sufficient to 'lock' all of them. Hence 
yield points are ccmrcnly observed in nearly pure iron (Hutchinscn, 
1963). 
The Cottrell-Bilby theory also provides an explanation for the effects 
of Strain Ageing and Dynamic Strain Ageirxj described in the preceding 
section. The fact that both carbon and nitrogen atoms diffuse very 
readily at temperatures between 2CPC and 15CPC to create atmospheres 
around dislocations accounts for the re-emergence of the yield point 
in ordinary strain ageing. In Dynamic Strain Ageing at elevated 
temperatures the diffusion of interstitial atcms to lock dislocations 
is in direct competition with the applied stress which is setting them 
free and as a result numerous localised yield points develop. Dynamic 
Strain Ageing is seen to occur at those particular strain rates and 
temperatures where there is a balance between the rate of diffusion of 
interstitials and the rate of unlocking of dislocations. 
By similar mechanisms, dislocations can be locked by substitutional 
atcms present in the steel (Suzuki, 1963) or by precipitates (Hale and 
McLean, 1963). 
2.5.6 Multiplication Theory Of the Yield Point 
Sylwestrowicz and Hall (1951) argued against the Bilby-Cottrell 
locking theory on the basis that the introduction of free dislocations 
into test pieces by either scratching or making cuts did not destroy 
the upper yield point. Thence the nature of the yield point in mild 
steel became a subject of some in the 1950s. A second 
theory was developed which made the assumption that Once condensed 
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atmospheres form in iron the dislocations remain locked and the yield 
point arises frcm the generation of new dislocations. Johnston and 
Gilman (1959) successfully derived the theory for LiF crystals. Later 
iiahn (1962) applied the theory to iron and low carbon steel and 
Cottrell (1963) modified his earlier locking theory to incorporate 
dislocation multiplication. 
Frcm direct measurements of dislocations in LiF by etch pit techniques 
Johnston and Gilman (1959) found that for small deformations where c< 
0.1 the multiplication of dislocations took the form 
P+ 
where p= dislocation density 
Po = initial dislocation density before yield 
C= constant 108 ar, 72 
a= constant 1±0.5. 
(2.2) 
Recently Mikkola, (1984) has studied equation (2.2) above under 
conditions of shock loading (I> 105 S-1) and found it to be valid. 
r1here are many mechanisms by which the dislocations can multiply (Hall 
and Bacon, 1984a), the most influential being Frank-Read Sources 
(Frank and Read, 1950) or by cross-slip (described by Cbr=ad, 1961). 
Stein and Low (1960) empirically found that the velocity, V Of 
dislocations had a stress dependence Of the form: 
(2.3) 
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where ar is a reference stress i. e. the stress required to give a 
dislocation velocity of 1 cms-1, a is the yield stress and M is an 
index which is characteristic of the material. For low carbon steel M 
varies between 20 and 40 (Hahn, 1962). In recent times equations 
(2.2) and (2.3) have been confirmed for mild steel by thin film 
electron microscopy. 
The shear strain-rate, c can be defined in terms of the movement of 
dislocations as: 
where P is the number of mobile dislocations per unit area, v is their 
average velocity and b is the Burgers vector. Thence the strain rates 
at the upper yield point (; u) and the lower yield point may be written 
P ýUb (2.4) 
as 
and 
ýu=P 
Uyp VUypb 
;L=P 
Lyp VLypb 
(2.5) 
(2.6) 
where PUyp and pLyp are the mobile dislocation densities at the upper 
and lower yield points respectively. Then equating (2.5) and (2.6) 
gives 
vuyp P Lyp 
VLYP P UYP 
and employing equation. (2.3) 
Cr LTYP 
= (, 
LYP)1/M 
FL--YP PUYP 
(2.7) 
(2.8) 
Fýxn equation (2.8) above it is clear that if M is small (i. e. 4 20) 
i. e. if the velocity of propagation of the dislocations is not too 
large, then the ratio aljyp/, Lyp will be large and hence a large sharp 
yield drop will be observed. Also if p Uyp is low, perhaps as a result 
of solute atom locking, then again a large yield drop can be expected 
if there is a sizeable generation of new dislocations. 
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7b sLrmiarise, the yield point observed in low carbon steels may be 
explained by a combination of the Cottrell-Bilby theory (Section 
2.5.5) and the multiplication theory described above. The occurrence 
of a sharp yield point is brought about by the sudden increase in the 
number of mobile dislocations. If the pinning or locking of 
dislocations by carbon atmospheres is weak then the yield point arises 
as a result of unlocking but if the locking is strong then the yield 
point will be a result of the generation of new dislocations. 
In conditions of dynamic strain ageirxj where atmospheres of carbcn 
diffusively ocndense on newly generated dislocations, a higher density 
of dislocations is required to ccmplete the deformation as most of the 
newly created ones become locked. This effect has been verified by 
electron microscopy. It accounts for the fact that increased work 
hardening rates have been observed in the blue brittle region as 
compared to room temperature tests (e. g. Kenyon and Burn, 1934; 
Manjoine, 1944). 
2.6 WORK HARDENING 
Once the Luders bands have covered the entire gauge length of the 
specimen so that it has completely yielded (i. e. point D on the 
schematic -, eA5 stress eng strain curve of Figure 2.6b), increasing 
stress is required to produce further strain. The reason for this is 
that the dislocations generated or unlocked during the yield start to 
interact with each other so that the resistance to their motion 
increases. As plastic deformation proceeds barriers to dislocation 
movement are continually created so that a progressively larger stress 
is required to produce increasing strain. 
The phenomenon is known as work hardening or strain hardening and 
applies to the section of curve D-*E in Figure 2.6b. In -the 
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manufacture of steels work hardening is an important strengthening 
mechanism employed in cold forming operations. 
For carbon steel and most other metals the region of work hardenirxj 
may be described approximately by the simple empirical power law: 
aT= Kcýn (2.9) 
where n is the I strain-hardening exponent I which varies between 0.1 
and 1 and is typically about 0.25. K is the 'strength' coefficient. 
Kocks (1982) has discussed equation (2.9) above and has reviewed some 
alternative theoretical and empirical relationships which can more 
accurately represent the work hardening of some materials. In his 
paper, Kocks points out that the work hardening may be strain-rate 
deýendent so that it is better described by: - 
a `2 KcF T" 
where m is the 'strain-rate hardening exponent'. 
(2.10) 
Gladman et al. (1970) have investigated the effect of microstructure 
and composition on the work hardening of 80 low carbon steels (mean 
carbon content = 0.094% wt) and concluded that equation (2.9) provided 
an inadequate fit to their experimental data: They found that the 
work hardening behaviour of the carbon steel could be more closely 
represented by an expression of the form: 
aT=a+b lne + cc (2.11) 
where a, b and c are constants. 
In most stress-strain work, however, equation (2.9) may be applied as 
a first approximation. 
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2.7 SIGNIFICANCE OF GRAIN SIZE 
So far in the discussion no distinction has been made between sirxjle 
crystals and polycrystalline structures. Although the theory presented 
above works well for single crystals of iron and steel most ferrous 
solids are polycrystalline consisting of a large number of randomly 
orientated grains separated by grain boundaries. These have an 
important effect on the mechanical behaviour of carbon steels since 
they present barriers to the motion of dislocations. 
Each grain is a single crystal, the boundary of which is no more than 
a couple of atcms thick. When the misorientation between grains is 
small, the boundary ocuprises an array of dislocations termed a low 
arxile boundary. For large misorientations at the boundary the atomic 
arrangement is more complex- and will vary with the angle of 
misorientation. 
Hall (1951) and Petch (1953) were the first to empirically establish 
the equation relating lower yield stress, otNp to the grain size in 
ircn and mild steel 
QLyp = cri + Kyd7l/2 (2.12) 
where cl =a friction stress which opposes dislocation motion, Ky =a 
ccnstant related to the difficulty in spreading yielding from grain to 
grain and d is the mean grain diameter. 
The remarkable feature of the Hall-Petch equation is that although it 
was established entirely empirically, it has been applied successfully 
to a wide range of metals including FCC and HCp (Anastrcng, 1983) as 
well as ferrous alloys (Gladman and Pickering, 1983). The equation is 
most often used in the form of (2.12) above for lower yield stress, 
37 
aL, yps, but has been slightly nx)dified to define upper yield stress, 
allyp (Petch, 1964) and flow stress, of after yield (Conrad and 
Schoeck, 1960) as linear functions of d7l/2. 
The mechanistic model for equation (2.12) assLrrp-s that a dislocation 
source operates within a grain to produce a dislocation pile-up at the 
grain boundary. The pile-up then causes a stress to be generated 
within a neighbouring grain which, when it r achieves a critical 
intensity, activates a new dislocation source within that grain. The 
process is self repeating and in this manner yielding propagates frcm 
grain to grain and is observed macroscopically by the passage of 
Luders bands. The grain size determines the nuTber of dislocations in 
the pile-up and hence the stress generated. Clearly then, the coarser 
the grain size the more dislocations are present in the pile-ups which 
leads to a-greater stress intensification and so yielding propagates 
at a lower applied stress. 
The main criticism of the nx)del described above is that dislocation 
pile-ups are not frequently observed in practice. It has been argued 
that the form of equation (2.12) merely reflects the obstacles inposed 
by the grain boundaries to the propagation of slip and the motion of 
dislocations (Gladman and Pickering, 1983). 
The gradient, term, Ky in the Hall-Petch expre_ýsicn has been proved to 
be relatively insensitive to strain-rate and temperature (Harding, 
1969), whereas cr i is markedly sensitive (Heslop and - Petch, 1958). 
Armstrong (1962) has pointed out that it is the grain size, d, which 
in fact determines the strain-rate in deformation tests. 
The constant ai in equation (2.12) is Imam as the friction stress. It 
represents the yield stress of a sirxjle crystal (d-1/2 = 0). Cýracknell 
and Petch. (1955) first resolved ai into two parts, an athermal 
38 
component oil dependent on the structure (i. e. presence of 
interstitial atoms and precipitates) and a thermal component a*, 
highly sensitive to strain-rate and temperature. The significance of 
the friction stress a, will be discussed in Sectim 2.10. - 
The effect of grain size as a strengthening mechanism is always 
considered in the fabrication of steel. Very often small amounts of 
particular grain refining elements such as niobium (Mackenzie, 1963) 
are added to the hot ladle of mild steels in order to dramatically 
improve their final mechanical properties (Baird and Preston, 1973). 
2.8 SOLID SOLUMON STRENGMUNING AND DISPERSION GrituWMENING 
The presence of both interstitial and substitutional alloying elements 
in carbon steel makes an analysis of the individual contributions to 
material strength from each type of element very complex. The 
important role carbon plays in locking dislocations was outlined in 
Section 2.5, however it further influences the strength of the steel 
by the formation of carbides of certain elements. The dispersion of 
such carbide precipitates within a steel presents obstacles to the 
movement of dislocations thereby increasing its resistance to 
deformation (Orowan, 1948). Furthermore, the precipitation of 
carbides around dislocations may lock them in a similar manner to 
carbon and nitrogen atoms alone. 
Probably the most influential carbide in carbon steels is cementite 
(Fe3C). This is usually found in the lamellar mixture with ferrite 
known as pearlite, mentioned in Section 2.2.2. The strength of 
pearlite itself depends on the interlamellar spacing, increasing as 
the spacing is decreased. 
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Since pearlite work hardens at a greater rate than pure ferrite, the 
tensile strength of some carbon steels is very sensitive to the 
pearlite concentration. However, in steels of carbon content < 0.3% 
(such as 224) the yield stress is found to be insensitive to pearlite 
concentration as most of the deformation is taken up by the ferrite 
matrix (Preston, 1983). 
Irvine et al (1962) identified the three main strengthening mechanisms 
in carbon-manganese steels as being solid solution hardening, 
dispersion strengthening from lamellar pearlite and grain size 
(discussed in the previous section). The relative contribution of each 
of these to the total tensile strength of normalised carbon- manganese 
steel is illustrated in Figure 2.10. Variation of the carbon at 
constant manganese level causes a substantial increase in strength 
which is almost entirely due to the increased proportion of pearlite 
in the steel. When manganese is varied at constant carbon content the 
situation is more complicated since all three mechanisms are affected. 
Mn causes the eutectoid composition to occur at lower carbon contents 
so that the relative prcportion of pearlite is increased within the 
microstructure. Also Mn is an effective solid solution strengthener as 
well as having a grain refining effect. 
Pickering and Gladman (1963) expanded on the work of Irvine in 
carrying out investigations on the strength oi 60 experimental casts 
of plain carbon-manganese steels containing up to 0.25-W C and 1.5% Mn 
in order to isolate the key strength determining factors. Their work 
Produced a useful set of regression equations which defined lower 
yield stress, a LYP, ultimate tensile stress UTS and percentage 
reduction of area in terms of % Mn, %. pearlite and d-1/2. 
FIG2.1 1A twinning transformation. (After Hall, 1953, Twinning. Butter- 
worth, London) 
1 G-z . 10 u 
lo A, 10 
Strainrate(O 
FIG2.12 Deformation map for carbon steel (after Rosenfield&Hahn, 1966) 
4c 
2.9 TWINNING 
Most plastic deformation of iron and steel occurs by the motion of 
dislocations along specific slip planes. However, at very high strain 
rates or at low temperatures the metal may undergo sudden localised 
shear processes known as twinning. The crystallography of twinning in 
iron and steel is the same for all BCC metals and occurs on the (112) 
<111> system. 
Figure 2.11 is a two dimensional schematic illustration of the 
twinning process along a plane K, in the twinning directicn. T11. As 
shown, twinning is a cooperative movement of atcms in which individual 
atcrns move only a fraction of their interatcrnic spacing but the final 
result is a macroscopic shear where the twinning lattice beccmes the 
mirror image of the parent lattice. 
Twinning is usually a highly localised shear mechanism. Regions of 
twinned material can often be, viewed microscopically after deformation 
and frequently appear as narrow parallel sided bands (Neumann bands) 
seldcm thicker than 5 um (Kelly, 1953). 
In the constitutive modelling of the mechanical behaviour of BCC 
metals at high strain rates the twinning process has to be considered 
carefully before accurate resemblance can be achieved (Aamstrong et 
al, 1989). The precise contribution of twinning to plastic 
deformation and strain hardening is, at the present time, poorly 
understood. It is possible that accomTcdation of strain by twinning 
could lead to a lower stored dislocation density thereby producing a 
lower Strain hardening rate. Conversely, if twin boundaries act as 
obstacles to dislocation movement then yield and flow stress should 
increase. The argument has recently been discussed by Follansbee 
(1989). 
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2.10 EFFECT OF STRAIN-RATE AND TEMPERATURE (THERMAL ACTIVATION 
THMRY) 
Research into the mechanical properties of carbon steel has been 
conducted for well over a century. At a very early stage it was 
realised that the observed mechanical behaviour was dependent cn the 
speed of testing and the temperature (Le Chatelier, 1909). Obviously 
over the years a vast quantity of literature has built up cn the 
subject and hence a large amount of data has been produced which 
relates the mechanical properties of iron and steel to their 
microstructure and the conditions of testing (Harding, 1987 and 
Nojima, 1986). 
Still by far the most influential variables in carbon steel mechanics 
are temperature and strain rate. Many attempts have been made to 
develop constitutive relationships or mechanical equations of state of 
the form 
9f po 
ý 
pt (2.13) 
relatirxg flow stress, cr to current values of strain, c P, strain rate, 
Ep and temperature, T in a deforming carbon steel. However such a 
function can never be a true state function i. e. at a given strain- 
rate and temperature the stress will not be uniquely defined by the 
strain since the mechanical characteristics of the steel will depend 
On its thermal and strain history. Furthenmre, the work hardening 
exponent, n for most carbon steels is itself strain-rate dependent 
(Vinh et al, 1979). 
Nevertheless, a number of good models have evolved which describe 
strain-rate and temperature effects with a reasonable degree of 
accuracy. Harding 1981 and 1989 has reviewed the best of these models 
which apply at high strain rates. 
42 
2.10.1 The Deformaticn Map 
In order to describe the plastic deformation of steel in the form of a 
constitutive equation or set of equations, it is necessary to 
understand the type of physical mechanism which controls the 
deformation. The nature of the dislocation dynamics involved will 
depend upon the strain rate and temperature. For a given set of 
conditions more than one kind of dislocation mechanism may operate, 
thus complicating the analysis. Kiahn et al (1970) and Bodner (1968) 
have discussed the various types of mechanisms which play a role in 
the deformation of steel according to the temperature and strain-rate. 
As a useful aid to the presentation of such information deformation 
maps are often used (Lindholm, 1978; Frost and Ashby, 1982). Usually 
these maps have axes of stress versus temperature or stress versus 
strain rate and are divided up into definite regions in which 
particular dislocation mechanisms operate. For each region a 
constitutive relation may be formulated either theoretically or from 
experimental data. Inevitably at the regional boundaries, there are 
areas of overlap in which two or more mechanisms may act. 
V 
Rosenfield and Hahn (1966) drew up a map for low carbcn steels which 
is particularly pertinent to the work of this thesis and has been 
reproduced in Figure 2.12. The map covers temperature frcm, 0 to 300K 
and strain rates from 10-5 to 105 s-1 and illustrates four distinct 
regions which reflect four different mechanisms of yielding and 
dislocation dynamics. 
REGION I which includes standard, low strain-rate testing at room 
temperature is characterised by a yield stress which is insensitive to 
strain rate and temperature. In this region the flow is predominantly 
controlled by the edge dislocation mobility (Stein and U)w, 1960) and 
their long range interaction with precipitates. The early pioneering 
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work of Manjoine, (1944) and Winlock (1953) uncovered the existence of 
this region. 
In REGION II yield stress and flow stress are both markedly sensitive 
to temperature and strain rate. In this region the motion of 
dislocations is determined by thermally activated processes, the 
theory for which is described in the next section. 
REGION III is characterised by a reduced sensitivity of stress to 
strain-rate and temperature. Here twinning plays a dcminant role in 
the niechardcal deformation process. 
REGION IV which ocmmences at strain-rates above 103 s-1 is a region of 
extreme strain-rate sensitivity, the principal dislocation mechanism 
being one of viscous drag (Regazzoni et al, 1987). It is worth noting 
that the boundary between regions II and IV is independent of 
temperature. 
The area inside the rectangular box drawn in Figure 2.12 indicates 
part of the range of testing conditions used in the experimental work 
described in this thesis. The complete range includes elevated 
temperature tests up to a temperature of 573K. Hence the deformation 
tests carried out here should involve primarily those dislocation 
mechanisms associated with regions I and II. . 
Figure 2.13 shows a set of results frcm shear tests carried out on an 
annealed mild steel (0.12% C and 0.62% Mn) by Carnpbeli and Ferguscn, 
(1970). The graph delineates the relative strain 'rate sensitivities 
for each of the regions I, II and IV. In region II the yield stress is 
linearly Proportional to the logarithm of the strain-rate. 
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2.10.2 Thermal Activation Theory (Pegion II) 
Zener and Hollcman (1944) first proposed that the effects of strain- 
rate, ýP and temperature, T could be condensed into a single 
parameter, Z, so that if equation (2.13) were written as 
cr =f(c pf Z) 
(2.13a) 
then z=ýp exp (UAcT) (2.14) 
where U is an activation energy, k is Boltzmann Is ocnstant and Z is 
constant at a given stress and strain. 
A slight refinement of equation (2.14) leads to the following 
Arrhenius: type equation: 
;p= ;o exp f-, &G (a 
* )/kT) (2.15) 
where ýO is a frequency factor (or rxxninal limiting strain rate) which 
depends on the mobile dislocation density and therefore on the 
structural state of the material. AG, which is the Gibbs free energy 
of activation, and is a function. of the 'local thermal stress a* and 
the absolute temperature T, and can be expressed as: 
AG = AGO - Vcr* (2.16) 
where V is the activation volume for the process, AGO is the total 
energy (free activation energy in the absence of stress), required for 
dislocations to overcane obstacles to their motion and Va * is the 
contribution to this required energy provided in the form Of 
mechanical work done by the applied load. 
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Equations (2.15) and (2.16) are nowadays generally accepted and are 
frequently used in constitutive modelling [Seeger (1956); Conrad 
(1961); Bennett and Sinclair (1966) and Perzyna. (1974)]. 
Figure 2.14 illustrates the relationship between the thermal caTpcnent 
of stress, G*, in equation (2.16) and the friction stress ai which was 
introduced in Section 2.7 (Equation (2.12)). The work of Cracknell 
and Petch (1955) showed that the friction stress, aj, could be 
represented by 
CY i= CY iI+ 
cr (2.17) 
where aiI is the athermal ccnpcnent of friction stress which is 
virtually independent of temperature apart frcm the small variation of 
shear modulus, G with temperature. 
Fran Figure 2.14 it can be seen that 0* decreases frcma*(O) to zero as 
T increases fran OK to Tc. This is explained by the fact that at low 
temperatures <Tc, the motion of dislocations is mainly opposed by 
short-range barriers (such as dislor-ation-dislor-ation interaction) 
which can be overcome by thermal activation, i. e. the thermal 
vibrations of the lattice can assist in overcoming these barriers. 
However at temperatures >T, the main obstacle to dislocation motion 
comes from long range forces such as those due to the presence of 
interstitial atoms and precipitates. in this case the lcryj range 
forces present barriers which are too large for thermal activation to 
be significant and the athennal stress component cril dominates. 
Combining equations (2.17), (2.16), (2.15) and (2.12) gives the 
following idealised constitutive expression: 
+ AGOIV + (kT/V) ln (ep/ýO) + (IC7C1/2) 
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Although equation (2.18) gives a reasonably good description, Harding 
(1981) has found greater accuracy for BOC carbon steels in the semi- 
empirical relationship 
I V/33- kr/V(CF - cy ao') (. E V0 (2.19) 
where co is the applied stress in the absence of thermal energy (OOK), 
indicated in Figure 2.111- 
In recent times many authors (Follansbee et al (1985); Johnson and 
Cook (1983); Armstrong and Zerilli (1988); Klepaczko, (1984 and 
1987)) have refined the basic activation theory described above to 
describe more accurately the behaviour of BCC steels at high strain- 
rates. The best of the models have been reviewed by Harding. (1989). 
The disadvantageous feature common to all advanced constitutive 
theories is that the equations can beccme very complex especially when 
such effects as twinning and viscous drag (region IV) are taken into 
account. The extra terms and parameters incorporated usually means 
that a large amount of material data is required before they can be 
used. Nevertheless they have been found to give accurate descriptions 
of the behaviour of certain BCC metals at high strain rates. 
2.11 A REVIEW OF THE MAMIC TES OF LOW CARBON I 
In 1944 Zener and Holloman and, independently Manjoine reported 
results frcm the first dynamic tensile tests on low carbon steel at 
various temperatures (730 to 8730K) and strain-rates (10-1 s-1 to 
103 s-1 ). This early work was significant since it represented an 
advance in the method of dynamic tensile testing and also provided 
empirical evidence of a thermally active deformation mechanism. 
CarTpbell (1953) reviewed this early work on mild steel and compared 
the results with thermal activation theory based on the ideas of 
Cottrell and Bilby (1949). 
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over the last fifty years an inrense amount of experimental work has 
been performed on the dynamic mechanics of carbon steel which reflects 
the number of applications for which this material is chosen for its 
impact strength. Recently Nojima (1986) and Wagasugi (1985) have 
reviewed experimental developments in this area while Tinkler (1986) 
has made a literature survey of high strain rate properties of steel 
with particular regard to the electricity generating industry. Table 
2.5 cites the more in-portant papers in the field which have appeared 
since 1944. 
The table quotes the carbon and manganese contents of the steels 
investigated as well as their heat treatment prior to testing. As was 
explained above, these three features play a key part in determining 
the microstructure and hence mechanical behaviour of steel (Pickering 
and Gladman, 1963). CcnTparing these contents with those laid down by 
the specifications in British Standards No 1501 (British Standards 
Institute, 1980) 224 carbon steel (grade 430) it is found that only 
the steel tested by Hashmi (1980, reference 29) meets these 
specifications. However a number of authors (references 4,6,10,11, 
13,21,25,27 and 31 in Table 2.5) tested steels whose carbon content 
(0.16 to 0.2%) matched the 224 specification. It should be remembered 
that direct comparisons are difficult to make due to the huge number 
of variables which influence the final structure of a carbon steel 
(Honeycombe, 1981). 
Table 2.5 reveals that the majority of studies have used dynamic 
compression rather than tension since the former is easier to perform 
accurately and suffers fewer problems from bending waves and inertial 
effects. Campbell and Harding in oxford emerge as the main 
contributors to the subject over the last 40 years (references 5,7, 
8,9,12,17,19,23 and 25). Most workers have carried out 
quasistatic tests to compare with observed material strength at higher 
strain rates. 
48 
About half the dynamic work cited in the table was carried out at rocn 
temperature wbich limits its usefulness in testing thermal activation 
theory. However, three papers (references 14,23 and 28) describe work 
specifically undertaken to prove thermal activation theory and analyse 
their results accordingly. Generally it is found that most of the 
results from the investigations listed in Table 2.5 ccmply with the 
thermal activation theory presented in Section 2.10.2. 
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CHAPTER 3 
COMPRESSION TESTS AT LOW AND INTERMEDIATE STRAIN-RATES 
(3.8 x 10-4 to 4 s-1) 
3.1 INTRODUCrION 
Ccapression tests at low and intermediate strain-rates were carried 
out using a screw driven Instron machine and an ESH (Edwards, 
Solloman and Hill Ltd) hydraulic testing machine respectively. 
machines of these types have now become well established in materials 
testing laboratories and are well documented (Davis et al, 1982). 
This chapter describes how the two macIiines were adapted to perform 
compression tests over the strain-rate range 3.8 x 10-4 to 4s-1 and 
at temperatures between -4CPC and 3000C. Before the maddne records 
could be interpreted correctly it was necessary to characterise the 
compliance of each machine. 
3.2 SPECIMENS 
Figure 3.1 shows the general arrangement for the compression of type 
224 steel specimens by both ESH and Inst: ra machines. The specimens 
themselves were solid cylinders of original dimensions: height, 
Ho = 5.0 ± 0.1 mm and diameter, D0= 10.0 ± 0.2 mm, as used in the 
Split Hopkinson Pressure Bar tests (following Chapter). In some of 
the Instron tests slightly smaller samples (HO =4±0.1 mm, 
Do =8±0.02 mm) were used in order to achieve more strain at 
maximum load. 
It was found that this change in size did not influence the shape of 
the resulting true stress versus true strain curves. The specimens 
were cut frcm a billet of type 224 steel supplied by the UKAEA 
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(Winfrith) and their end faces were finely ground, to produce smooth 
flat parallel surfaces. 
An assessment of the quality of the finished samples was made using a 
diamond tipped talystep machine which is capable of measuring the 
variation in height of a surface to ft- 10 rxn. Figure 3.2 shows two 
records from this machine which illustrate the end face surface 
profiles of two samples typical of a batch of randomly selected 10 x 
5 mm and 8x4 mn specimens. Figure 3.2A shows that the roughness of 
the sample faces does not vary by more than ± 250 rrn. Figure 3.2B 
shows the relative variation in distance between the two end faces of 
a sample over a distance of 2 mm. The particular trace presented 
represents a worst case and it can be seen that the total variation 
over this distance is only 1 im. Hence over the whole diameter, 
10 mm, we should not expect the total variation to be more than 5 jim 
which indicates a high degree of parallelism between the sample 
faces. 
3.3 INSTRON TESTING 
Figure 3.3 is a simplified diagram of the 5000 kg (50 kN) capacity 
Instra machine used for low strain rate testing. Cmipression of 
specimens is caused by the downwards motion of the screw-driven 
crosshead towards the fixed lower platen. A -load cell below this 
platen measures force acting on it by means of a resistive network of 
strain gauges responding elastically to the load. The output frcm 
this load cell is amplified and fed to a chart recorder incorporated 
in the machine's control panel. The crosshead speed could be 
preselected between 0.05 mm/min and 50 mm/min, so by fixing the paper 
speed of the chart recorder, details of total crosshead displacement 
versus load could be obtained. For tensile tests (Chapter 5) the 
crosshead moves in the opposite direction. 
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Before use, the Instm machine was always calibrated using a set of 
dead weights. All compression tests were carried out using a 
crosshead speed of 0.5 m/min which produced an engineering strain 
rate in the 10 x5 mm specimens of approximately 10-3 s-1. Tests 
were terminated as close as possible to the maxim= load i. e. 5000 
kg. 
Figure 3.4 illustrates how the samples were actually compressed 
between the Instxcx platens. They were sandwiched between two 1/2" 
diameter 431 stainless steel: adaptors which produced a testing 
geometry similar to that met with in the Split Hopkinson Pressure Bar 
(SHPB) dynamic tests (Chapter 4). 
3.4 MACHINES USED FOR CCMPRESSICN TESTS AT INTERMEDIATE STPJUN-PATES 
(0.1 S-1 to 100 S-1 ) 
The three most oanTcn machines for materials testing at intermediate 
strain rates (0-1 s-1 to 100 s-1) are the servo-hydraulic ccmpressor, 
the cam plastcmeter and-the drop weight tower. These three techniques 
are ccaprehensively reviewed in the 9th Editicn of the ASM Metals 
Handbook (1987) by Follansbee, Hockett and Dudder respectively. The 
first of these, the servo-hydraulic test frame has been used for the 
work undertaken here and will be described in the following secticn 
(3.4). 
The cam plastcmeter was first used for ocmpression testing by Orowan 
(1950). It comprises two platens between which the sample is 
ccmpressed when one of the platens is driven by a logarithmically 
shaped cam while the other platerv remains stationary. The main 
advantage of this type of machine is that the strain-rate is constant 
throughout the test due to the logarithmic shape of the cam. Usually 
permanent ocmpressive strains in excess of 50%- are achieved. 
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The drop weight tzwer is a mechanically simple device which produces 
uniaxial compression by the free fall of a heavy weight onto a 
cylindrical specimen. Such machines can deliver much larger loads 
than either servo-hydraulic test frames or cam plastometer, e. g. up 
to approximately 900 kN within times between 0.1 and 20 ms. However 
since the weight decelerates naturally upon impact with the specimen, 
both the displacement rate and load rate vary continually throughout 
the test, which is a major disadvantage of the method. 
3.5 C0NPRESSIVE TESTING OF INTERMEDIATE STRAIN RATES USING AN ESH 
HYDRAULIC MACHINE (3.8 x 10-4 s-1 to 4 s-1) 
Figure 3.5 illustrates the layout of the ESH hydraulic machine used 
for ocnPression tests at intermediate strain rates. This machine had 
two key advantages over the Instra machine used previously for low 
strain rate testing. Firstly it was capable of sustaining a much 
greater load (300 kN maximum) on the swple and henc-a produced more 
plastic deformation and secondly it was capable of a maximum 
displacement speed of 50 nTm-1. The screw driven Instron machine was 
capable of a maximum load of 50 kN and 0.8 mris-l maximum crosshead 
speed. 
Testing of specimens on the ESH machine was almost identical to 
Instra testirxi, except that the samples were placed between two 
hardened steel cylindrical platens (di&mter = 25.4 mm, length = 25.4 
mm) which were sandwiched in turn between the jaws of the ESH. The 
adaptors shown in Figure 3.4 could not be used here as the high ram 
speeds (up to 20 rms-1) may have caused hazardous buckling to occur. 
Fan Figure 3.5 it can be seen that the load is transmitted frcm a 
piston which is acted upon by pressurised fluid. Variation in 
position of the piston is made possible by a servo valve which 
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controls the flow of fluid fran one side of the piston to the other. 
The piston moves within the 'hydraulic actuator' and its movement is 
measured by a linear variable differential transformer (LVDT). 
The LVIYr transducer is an electromechanical device which produces an 
output voltage proportional to displacement. It comprises a 
transformer with a primary and two secondary coils wound on one 
cylindrical former and a ferrite core aligned axially within the 
hollow body of the transformer. The ferrite core is attached to the 
piston. The secondaries are connected in series opposition so that 
for a particular location of the core (the null position) the induced 
emf's are equal and cancel each other so that the net output is zero. 
If the core is displaced upwards from this position the mutual 
inductance between the primary and one of the secondaries increases 
while the other decreases so that an overall positive voltage is 
produced. If the core moves downwards the opposite changes occur and 
the output voltage becomes more negative. The signal from the LVDT is 
amplified before being fed to readout instrumentation. 
The load is rrKrdtored by a resistive load cell similar to that used 
in Instrol testing and the signal from it is arrplified before being 
sent to recording instrumentation. Both the force and displacement 
channel outputs are d. c. voltages varying with linear proportionality 
between -lov and +JOV. For most of the tests c. 
ýrried out in this work 
the load channel was set to give O-lV/kN and for the displacement 
channel 5 Vlmm. The voltage resolution on both channels is 20 MV 
(corresponding to ±20ON and ±4 pm respectively). 
As Figure 3.5 delineates, the ESH machine is controlled by an 
electronic closed loop system. The outputs from the force and 
displacement channels are simultaneously fed to a'feedback selector 
as well as the readout recording device. The feedback selector allows 
59 
the user to choose whether the machine should be placed under I load 
control' or 'displacement control' i. e. whether the test should be 
carried out at a constant loading rate or a constant displacement 
rate. For all tests described in this thesis 'displacement control' 
was used. The controller continuously compares the selected feedback 
variable with a preselected command signal and then transmits a 
correction signal to the servo valve according to the level of 
disparity. 
In this experiment, the ccumnd signals were linear ramped voltages 
which, since they were followed by the displacement channel, 
determined the actual displacement rates. The action of the hydraulic 
piston or ram was superbly smooth and oould be halted instantly by 
setting 'trip' voltages at a preselected load or displacement on the 
I ooýmand I panel. 
At the lower displacement rates, 0.002 mms-1,0.02 mms-1 and 
0.2 itat -1 the signals frcm each channel were fed directly into the 
usual X-Y plotter and load versus displacement curves obtained. At 
the higher r&n speeds of 2 nus-1 and 20 mns-1, where the total test 
time was only ls and O. ls respectively, the plotter pen was unable to 
follow the changing signals accurately, especially around the yield 
region. It was then necessary to use a Datalab DL902 transient 
recorder to first store and then plot out l6ad versus displacement 
after the test. 
Calibration of the ESH machine is not as straightforward as that for 
the Instron machine where a set of dead weights are used. It would be 
an arduous task to calibrate a machine having a load capacity of 300 
W using standard weights. Instead the ESH machine described above is 
calibrated about once a year by a service engineer who uses 
calibration rings. These are large steel rings containing a 
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deflection indicator and are compressed or stretched elastically in 
the machine, whereby the true load is determined. The temperature of 
the calibration ring is important and is always noted. Half way 
through the ESH testing progranim major maintenance repairs were made 
to the machine and the calibration just described was performed. 
3.6 MACHINE STIFFNESS 
In Section 2.5.2 it was noted that the compliance of the testirxj 
machine plus grips can have a significant effect on the shape of the 
true stress versus true strain curve especially for materials which 
show a definite yield point. Ideally, the testing machine should be 
considerably stiffer than the material being tested if the true 
behaviour is to be observed. 
Welter (1945) carried out a sequence of experiments using a variety 
of testing machines to study the effect of machine stiffness on 
observed yielding phenomena. His work demonstrated that the size of 
yield drop in mild steel, a Uyp - cr Lyp, could be reduced if a soft 
machine was used, and also that false upper and lower yield points 
could be generated by a very rigid machine. 
Figure 3.6 is a schematic illustration of a ocinpressive deformation 
machine. Part of the crosshead motion is taken up by the elastic 
ccmpliance of the machine plus platens and this is represented by an 
imaginary spring. The elastic displacement of machine and platens 
due to an applied load, F is 
Axel = F/K 
where K is the effective spring constant or 'machine stiffness'. 
Crosshead--I--'- 
K 
Specimen---r 
AH= sample 
displacement 
/ ///////////7 
FIG3.6 Schematic view of a deforming apparatus 
Displacement(mm) 
Crosshead 
motion 
6X. 
-S =constant At. - c displacement 
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Ho 
1.4ýmm 1.9inm 
I 
FIG3.7 Illustrative Instron record 
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If AH is the total amomt of sample deformation then the total 
crosshead displacement may be written as: 
Ax = Sct =, &xel + AH 
where t is time. Engineerirxg strain in the specimen is 
c =, &H/Ho = (Sct - F/K)/Ho 
so that the engineering strain rate is: 
(SC: K71 dF)/Ho Tt 
(3.2) 
(3.3) 
(3.4) 
Although the above has been derived for compressive testing the 
argument applies equally well to tensile testing on such machines. 
For hard machines where K is large equation (3.4) tends to: 
sc (3.5) To- 
Equation (3.5) has been used quite generally to define quasistatic 
strain rates by two previous workers in this laboratory, Ellwood 
(1983) and Walker (1987), but it may not be entirely accurate if the 
elasticity of the machine is oaTparable to that of the specinveen. 
Johnston (1962) has used equation (3.4) in his study of yield points 
in LiF crystals. Hockett and Gillis (1971) have undertaken an 
empirically based analysis of equation (3.4) and suggest that the 
situation is further ccmplicated by a variation in K throughout the 
test and from test to test. 
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In determining engineering stress versus strain from load- 
displacement curves the ccmpliance of the machine cannot be ignc)red. 
It is usual to subtract the elastic caTponent of machine displacement 
from the overall load-displacement curve before calculating the 
strain in the specdmen. 
3.7 A CCMPARISON BETAEEN THE STIFFNESS OF THE INSTRON AND ESH 
HAaiINES 
3.7.1 Instroz Compliance 
Figure 3.7 delineates a typical load-displacement record from an 
Instron test on a 10 x5 mm specimen. Also shown is the machine 
compliance curve which was determined from the mean of several 
compressive runs with no sample between the 431 adaptors. It 
therefore represents the elastic component of crosshead displacement 
Axel due to the machine plus adaptors. 
The figure demonstrates that a large proportion (ý, 74%) of the total 
crosshead displacement in a test taken up to 5000 kg, is due to the 
machine compliance itself. Frcm equation (3.1) we can calculate the 
'stiffness' (spring constant) KINS for this particular Instron 
machine. Hence, 
KINS = 36 kN nTn7l 
which represents a fairly I soft I machine. 
The determination of specimen displacement alone requires the 
subtraction of the machine compliance from the total crosshead 
displacement curve at given loads. Hence it was possible to 
determine the true strain rate in the sample frcm the total test 
time. 
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3.7.2 ESH Cmplianoe 
Figure 3.8 shows a group of compliance curves for the ESH machine, at 
three different crosshead displacement speeds. All three are more or 
less parallel and display the same elastic displacement, Axel for a 
given load. By equation (3.1) again, the machine stiffness KE: SH is: 
KESH = 287 W ffn7l 
It is instructive 'to compare 'this result with that attained for the 
Instxcx . The ratio of 'the two is 
KESH 
KINS 
Hence the ESH machine gives a marked improvement on the Instron 
machine in terms of stiffness alone and one should expect that the 
actual material behaviour would be more closely followed in ESH 
testing. 
Figure 3.9 shows a typical set of three curves frcra ESH ocapression 
tests on three samples under the same conditions (i. e. room 
temperature, displacement rate: 0.02 mms-1). Clearly the consistency 
between tests is very good, the average variation within each set of 
this kind being only 2%. At a load of 75 kN the mean total 
displacement is 1.4 mm of which only 0.26 mm (19%) is due to machine 
ocupliance (Figure 3.8). CcrTpare this with the 74% for the Instrcn 
compliance at a load of 50 kN (Section 3.6.1). The ESH machine may 
be described as hard. 
At the higher crosshead speeds of 2 nm-l and 20 mms-1 where the 
DL902 transient recorder was required the ocmpliance curves were 
found to agree with those presented in Figure 3.8 thus indicating 
that the machine ccmpliance is insensitive to testing speed. This is 
described in Section 3.8. 
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In an identical manner to the Instron records, the specimen 
displacement in ESH testing was calculated by subtraction of the 
ccrrpliarr-e curve from the total displacement-load curves. 
3.8 CALCMATION OF TRU STRESS AND TRUE STRAIN 
Before each test on either the Instrm or ESH machines the specimen 
dimensions were measured using a Moore and Wright digital micrometer 
(accuracy: ±lljm) and were noted. Thus after establishing the total 
specimen displacements at a number of loads, F in a test, it was an 
easy matter to calculate engineering stress, 0. (= 4F/7rDO2) and 
engineering strain, e0 (= AH/Ho; see Figure 3.1 for symbolism). 
These were converted in turn to give true stress, a and true strain, c 
via the standard equations: 
c= -in (i - co) (3.6) 
and 0= 00 (1 - (3.7) 
c, co a ard go are assmed positive in ccrnpressicn. 
The derivation of equations (3.6) and (3.7) can be found in many 
texts on plastic deformation, for example, Johnson (1972). 
3.9 VERIFICATION OF THE ESH ML'MOD AT ROM 7 ERATURE 
As mentioned in Section 3.4 two types of readout instrumentation were 
used; a normal X-Y plotter for low testing speeds (0.002 n=-l to 
0.2 nrns-1) and a Datalab DL902 transient recorder (storage capacity = 
2 kbytes Per chamel) at the higher crosshead speeds (2 mrtd-1 and 20 
1111 -1 ). Obviously the results recorded should not be dependent on 
the type of h*istrurent used. 'Ib verify that this actually was the 
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FIG3.11 ESH results at 293K & 3.8x 163 s-'using a transient recorder 
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case two sets of three tests were carried out at the same crosshead 
speed of 0.02 mms-1. In one set the recording device was the X-y 
plotter while in the other set the transient recorder was used on a 
long time base setting at 100s full scale (digitising rate: 1 sample 
per 50 ms). 
Figure 3.10 shows the three curves of true stress versus true strain 
calculated by equations (3.6) and (3.7) frcn load-displacement curves 
recorded by the X-Y plotter while Figure 3.11 shows the set for which 
the transient recorder was used. In both cases the samples used were 
10 x5m of 224 steel. The first important feature to note which is 
common to both graphs is the remarkable consistency in the curves 
belonging to each set. This small amount of variation in the results 
was typical of most of the tests performed under different strain 
rate and temperature conditions. The mean true strain rate for the 
six shots depicted in Figures 3.10 and 3.11 was calculated as 3.8 x 
10-3 s7l. frcra equation (3.4). 
The mean curves for the results presented in Figures 3.10 and 3.11 
are compared with each other in Figure 3.12. The higher of the two 
curves, (a), represents the mean of the X-Y plotter results (Figure 
3.10) while the other curve (b), represents the mean of the transient 
recorder results. There appears to be only a small difference 
between curves (a) and (b), indicating that the replacement of the X- 
Y plotter by the DL902 transient reoorder should not influence the 
nature of the results. At a strain level of 28% the difference 
between the two curves is 15 MPa which is within the experimental 
error for the two methods. 
In Section 3.4 it was mentioned that the ESH machine was calibrated 
half way through the testing programme. The tests which yielded the 
results curves of Figures 3.10 and 3.11 were carried out in February 
(a) = XY plotter , 
(b) = transi ent recorder ,X= 
ESH result s(M arch'8 8) Instron curve 
800 
i I-l- ! -1 ý 
0-600 
2 
. 400 
200! 
i ., 
12 16 20 
I 
24 2ý 
True strain W 
FIG 3.12 Comparison of mean stre ss versus strain curve sf rorn F IG S 3.1 1&3.10 ( 10 x 5mm s ampic 
original pre-calibration curve 
800 
CL 600 
2 
Q) 
E400 
200 
C 48 12 16 20 24 2 
True strain(*, ', 
FIG3.13 ESH results at 293K & 4s' 
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1989 shortly after the calibration and extensive machine repairs had 
been corrpleted. However, a considerable amount of room temperature 
ESH data was collected nearly a year earlier (March to April, 1988). 
It was felt that a possible drift in the machine's behaviour may have 
meant that the earlier results were in error. The crosses plotted in 
Figure 3.12 which represent mean true stress - true strain values for 
three roan tenperature tests at 0.02 mTs-1 carried out amongst the 
first batch of ESH tests. They show good agreement with the more 
recent curves of (a) and (b) up to a strain of 12-W above which they 
fall below the two curves. At 28% strain the discrepancy between 
the old ESH data and curve (b) arrxxmts to 25 MPa and between the old 
data and (a), 40 MPa. These figures are larger than might be expected 
from experimental error alone and suggest a change in the ESH 
machine's performance after the calibratim had been carried out. 
Figure 3.13 compares pre- and post-calibraticn ESH results recor&d 
at a machine speed of 20 mms-1. Again the agreement is satisfactory 
at low strains below 10%, but above this level the old pre- 
calibration curve rises above the set of three post-calibration 
curves. At 28% strain the mean discrepancy is 30 MPa. 
In the light of all this the post-calibration data was ccnsidered to 
be a more trustworthy indication of the actual. material, behaviour at 
higher strains (> 1096) and so was used in further analysis (Chapter 
9). 
Also plotted in Figure 3.12 are circles which represent the mean of 
roan temperature results from the Instxcz tests on 10 x5 mm. samples, 
for a mean strain-rate of 1x 10-3 S-1 (by equation 3.4). Since this 
strain-rate is comparable with the 3.8 x 10-3 for the ESH solid 
curves in Figure 3.12 the closeness of the Instrci points to the 
curves implies that the observed material mechanical behaviour is the 
same by both methods. However, one important difference was noticed. 
FIG3.14 Photograph of the cylindrical cooling jacket 
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In all the ESH records, upper and lower yield points were clearly 
visible whereas in the Instron chart records they were seen 
infrequently. This discrepancy is a result of the relative hardness 
of the two machines (see Section 3.6.2). 
The Instron points do not proceed beyond a strain of 1(A since at 
this point the load applied by the machine has reached maximum 
capacity i. e. 50 W. 
3.10 COMPRESSIVE TESTS AT -4CPC 
3.10.1 Instrci Tests at -400C 
In order to attain compressive testing temperatures of -40PC a hollow 
cylindrical copper cooling jacket was made (see photograph in Figure 
3.14). The hollow core of the jacket was designed to fit snugly 
around the 1" cylindrical platens plus specimen used in ESH testing 
(see Figure 3.5) and so these platens were used in all -40PC tests. 
Cooling was achieved by filling the jacket with liquid nitrogen 
through a fumel and the whole arrangement was thermally lagged with 
fibre glass wool. Frequent refilling of the Jacket was necessary 
since ccnducticn of heat through the platens was considerable. The 
temperature inside the core of the jacket was monitored using a 
chromel-alumel thermocouple (K-type) which was affixed to the upper 
Platen at a point as close as possible to the specimen itself. 
Initially, a ccmpliance run was made using the 1" platens and no 
sample at -40PC. At the begiming of the actual tests themselves the 
temperature was seen to rise markedly by as much as 10 or 150C. 
Later, this was believed to be caused by the enhanced conduction of 
heat through the top platen due to the improved thermal contact 
between this platen and the crosshead once the load was applied. It 
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presented a major source of possible error in the resulting stress- 
strain analysis. 
3.10.2 ESH Tests at -400C 
Exactly the same cooling arrangement was used with the ESH machine, 
but with the experience gained from the Instrcx tests, a small load 
of about 50ON was continuously maintained on the platens and specimen 
during the coolirxj process so that at the start of each compression 
test the amount of heat conduction through the top platen and the 
driving ram head did not change. Consequently no dramatic shifts in 
temperature were observed during the tests. 
A new ocrrpliance curve was produced for -400C which was then used in 
the subsequent analysis. 
3.11 COMPRFSSIVE TESTS AT ELEVATED TEMPERAUDUS (1500C and 3000C) 
3.11.1 Instrcx Tests at 15CPC and 3000C 
In the elevated temperature Instrcn tests the 431 adaptors were used 
as in the room temperature tests (Figure 3.4). Heat was generated 
through a simple Nichrome wire coil heater wrapped around a 75 mm 
lcrxj ceramic tube (of internal diameter 15 m) which acconrrXiated the 
adaptors plus specimen. The coil was lagged with a 2" thickness of 
glass fibre tape. Figure 3.15 illustrates how the heater was powered 
by an a. c. current. 
It was found that a current of 2A supported a temperature at the 
specimen of 1500C monitored by a K-type thermooouple fixed to the 
upper adaptor as close as possible to the specimen. A current of 4A 
had to be supplied to the coil in order to maintain a temperature of 
3000C. 
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3.11.2 ESH Tests at 1500C and 3000C 
The ESH machine is equipped with its own cylindrical furnace and 
temperature controller. However it is designed to operate at 
temperatures higher than 2500C and thus could not control at the 
modest 1500C. Nevertheless initial attempts were made to use the 
furnace by sensing the temperature as close as possible to the 
specimen using a K-type thermocouple and controlling the desired 
temperature (i. e. 1509C) manually by periodically switching on and 
off the current to the furnace. A few tests were executed under 
these conditions. 
However, it was found that since the ESH furnace embodied a large 
mass of cylindrical ceramic the initial heating up was very slow 
taking between 15 and 30 minutes to reach 1500C. Furthermore, it was 
very difficult to manually control the 'overshoot' once the desired 
temperature had been arrived at and cooling of the furnace was twice 
as slow as heating. 
In the light of these problems it was decided to build a second 
resistive coil heater similar to the one depicted in Figure 3.15, the 
only difference being a charxge in gecmetry to acocnrcdate the J" 
platens plus specimen. This second simple heating coil, like the 
first, was found to work very satisfactorily. Initial heating was 
very rapid taking less than 5 minutes to reabh 30OPC and once the 
designated temperature had been attained, it was found that at 
constant current, natural conductive and convective heat balance 
produced a remarkable thermal stability thrx)ughout the tests. 
All the elevated temperature tests plus the -400C tests carried out 
cn the ESH machine took place after the machine's calibration in 
January 1989. 
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3.12 BARRELLING 
At quasistatic and intermediate strain-rates the true stress-strain 
curves for most metals in uniaxial ocmpression correspond closely 
with those in uniaxial tension. However, tensile tests are limited by 
the onset of 'necking' where the deformation beccmes ncn-hcmogeneous 
at moderate strains. In ccapression tests, on the other hand, far 
greater permanent strains may be attained. However, the disadvantage 
of compression testing is the presence of friction between the 
specimen and platen faces which can affect the shape of the final 
true stress-strain curve. This probably accounts for why the tensile 
test is most often favoured at these strain-rates. 
Friction between the cylindrical specimen and the platens produces 
'barrelling; ' as illustrated in Figure 3.16. Points which were 
originally on the cylindrical surface of the sample at the start of 
the test are 'rolled over' to the flat end faces as shown. When this 
happens the calculation of engineering strain by the reduction of 
height AH/Ho (equation 3.3) is no longer valid since effectively, HO, 
the gauge length, is decreasing as the test proceeds. 
The movement of material through right angles as demonstrated by 
points A, B and C in Figure 3.16 is caused by a markedly 
inhomogeneous deformation. In the severest cases of barrelling 
conical zones in contact with the platens are created in which little 
Plastic deformation takes place. These zones are often referred to as 
dead metal zones (Dr-2) and are depicted in Figure 3.17. In all three 
distinguishable zones may be identified in a barrelled specimen 
(Figure 3.17). Zone 1 represents the dead metal zones which have 
only slight movement relative to the platens. Zone 3 is an annular 
region which mainly moves radially outwards and Zone 2 is the region 
where plastic deformation occurs as material moves from the 
interfaces with Zone 1 into Zone 2 and then into Zone 3. 
71 
Mescall et al. (1983) have used a finite element model to confirm this 
pattern of behaviour in a barrelled sample. 
To minimise the effects of frictional resistance so that conditions 
of hcMogene0us deformation are more closely achieved it is inyportant 
to lubricate the specimen-platen interfaces before testing comTences. 
However, even with the most efficient lubricant, there will always be 
a degree of frictional constraint between the specimen and the 
platens. Over the years many attempts have been made to establish the 
ideal hcmogeneous compressive deformation frcii actual tests in which 
barrelling takes place. The more important of these have been 
reviewed and criticised by Hsu (1969) and recently by Gunasekera. et 
al (1982). 
Read et al (1943) have derived a correction factor which allows one 
to calculate true homogeneous stress frcm the actual observed stress 
according to the amount of barrelling produced in the sample. 
However this correction formula only works for cylindrical specimens 
whose original height (HO) to diameter (DO) is 1 or greater. 
Lathan et al (1968) tested a wide variety of metals in compression 
and developed a method of correctirxj true stress-strain results from 
barrelled specimens based on the ratio of sample height and radius of 
curvature of the barrelling. Their work showed that in a well 
lubricated test, the departure of actual compression of steel 
specimens from the true homogeneous canpression was insignificant 
below 25% sometimes 30% strain. 
It appears that the ideal cylindrical compression specimen is one 
which has such a height that end effects are negligible. However, in 
practice, the ratio Ho/Do should be less than 2 if buckling is to be 
avoided. Cook and Larke (1945) tackled the friction problem by 
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testing a number of specimens having different initial HO/Do ratios 
but identical lubrication. They then extrapolated their data to 
produce the desired stress-strain curve for a specimen of infinite 
HO/Do ratio. 
Slater (1977) ensured homogeneous deformation by a method of 
incremental compression. Starting with a sample of initial HO/Do 
ratio of 1, he stopped the test at every 10% reduction in height in 
order to remachine the sample so that H/D could be returned to unity. 
At each interval the platens and specimen were cleaned and 
relubricated. In this manner, Slater was able to achieve true 
hamgeneous compressive strains up to 200% for a variety of metals. 
Polakowski (1949) carried out a series of ccrnpressicn tests on carbcn 
steel cylinders (C contents: 0.07% to 0.44%) and found that provided 
the specimens were well lubricated to begin with, there was no 
appreciable difference between idealized and actual compression 
results for strains below 25%-. In a similar way to Slater, he 
stopped the tests every 25%- to remachine the specimens and thereby 
achieved final true strains close to 100%-. 
As yet, no reliable correction factor has been developed to correct 
the true stress versus true strain results fran a test in which 
significant barrelling has occurred. Indeed there is some 
controversy in the literature on this subject. For example, Cook and 
Larke (1945) state that friction increases the resistance to 
ccmpression while Polakowski (1949) observes that it decreases the 
resistance. Hsu (1969) has ccncluded that the only sensible policy 
is to ensure that the ccmpression remains hcn-ageneous throughout the 
test. Gunasekera et al (1982) endorse this view and observe that in 
a compression test where barrelling has occurred the true stress will 
be over estimated if a normal reduction of height type analysis is 
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applied. The effect of barrelling will be discussed in the light of 
the results of Chapter 7. 
3.13 SPErMaN LUBRICATION 
In view of the deleterious effects of friction as described in the 
preceding section (3.10), the platens and specimens were well 
lubricated in all ccmpression tests carried out in this project. Due 
to the range of test temperatures, three different lubricants were 
employed. At -400C PTFE spray was used. At room temperature and 
1500C silicone grease, and at 3000C molybdenum disulphide 
('Molyslip') were used. These same lubricants were also used at the 
stated temperatures in the SHPB tests on ocrnpressicn pieces (Chapter 
4). 
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C: HAP= 4 
COMPRESSIM TESM AT HIGH STRAIN RATES 
1 INTRODUMON 
The last Chapter described corrpression tests on type 224 mild steel at 
low and intennediate strain-rates (10-4 to 4s7l). This Chapter is 
-1 concerned with compression at high strain-rates (> 100s where the 
effects of wave propagation and inertia cannot be ignored. As a 
consequence of this, the analysis and derivation of true stress versus 
true strain in such tests is naturally more complicated. 
A large number of methods have been developed to test materials at 
high strain-rates and some comprehensive review papers have been 
written on the subject [Bitans and Whitton (1972), Lindholm (1974)., 
Holzer (1979) and Lataillade (1989)]. At very high strain rates 
p 104s-1), the main two techniques which are used are rod impact 
tests [Taylor (1948), reviewed by Erlich (1987)] and expanding ring or 
cylinder experiments [reviewed by Ahmed (1988)). 
In the strain-rate range 10OS-1 to 104s-l the* literature on testing 
techniques clearly shows that the split Hopkinson pressure bar (SHPB) 
has become the dominant method since the pioneering work of Kolsky 
(1949). The following passages describe the Loughborough SHPB system 
which was the main research tool used in this project to determine the 
proper, ties of type 224 steel at high strain-rates. 
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4.2 THE SPLIT HOPICDMM PRESSURE BAR (SHPB) MEnMD 
4.2.1 Historical Perspective 
Several authors have recounted the historical development of the SBPB 
method of materials testing at high strain-rates (e. g. Lindholm 
(1964), Ellwood (1983), Follansbee (1987b) and Walker (1987)], thus 
only a brief sunTary is required here. 
The technique takes its name from the work of Bertram Hopkinson (1914) 
who was the first to investigate the propagation of impulsive stress 
waves in a long elastic metal bar. The stress waves were initially 
generated by the detonation of explosives or impact of bullets at one 
end of the bar. At the other end of the bar aI time-piece I (a short 
length of bar) was loosely fixed which would fly free once the initial 
stress wave had passed through it. By usirxj a series of time pieces 
of different lengths and measuring their final momenta the details of 
the original stress disturbance in the bar could be reconstructed 
assuming the wave had propagated with no distortion or attenuation. 
In 1948, Davies made a theoretical and experimental study of the 
Hopkinson pressure bar. He replaced the time piece with a ccnderL-, er 
to monitor displacements in the bar. 
Kolsky (1949) introduced a split in the bar in which a small 
cylindrical specimen could be sandwiched. He showed how the stress 
and strain within the deforming specimen could be related to the 
displacements in the split bars, termed incident and transmitter bars. 
Figure 4.1 is a schematic representation of the SHPB as used by 
Kolsky. 
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The diagram. shows the form of SHPB generally used for ocupression 
testing. A stress pulse is initiated in the incident bar either by 
impact of a projectile or detonation of an explosive charge. If the 
amplitude of this initial stress pulse is restricted to within the 
elastic limit of the bar material, and if the length of the bar is 
greater than at least five bar diameters, then the pulse will 
propagate without distortion. 
Upon reaching the specimen, part of the wave will be reflected and 
part of it will be transmitted through the specimen into the 
transmitter bar. Kolsky (1949) used capacitive displacement 
transducers at points A and C to measure these reflected and 
transmitted components. Nowadays most workers use strain-gauges 
attached to the bars at equidistant points (A and B) frcm the sample 
as shown in Figui7e 4.1. 
Figure 4.1 is representative of most SHPB systems currently used in 
research, although in some cases the projectile may itself be the 
incident bar [Wulf (1974) and Gorham et al (1984)]. Due to the major 
contribution from Kolsky to the technique the SHPB is often referred 
to as the Kolsky bar. 
The use of strain gauges to measure the displacements in the incident 
and transmitter bars was first reported by Haus6r et al (1961) and has 
now become normal practice in most systems. Watson (1970) has attached 
strain gauges directly to the specimen under test. 
A number of optical methods have been used to measure sample, strain 
throughout the test. Sharpe and Hoge (1972) used interfercmetry to 
measure the strain in a s&rple whose cylindrical surface was marked 
with a set of closely spaced grooves. Griffiths et al (1979) have 
used an optical method in which shutters are ocmected to the bars 
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adjacent to the sample. Sample displacement is then determined by the 
amount of light incident on a photodetector. Albertini and nntagnani 
(1977) and Gorham (1979) have used high speed photography to observe 
specimen displacements during an SHPB test. 
All the work reviewed above refers to uniaxial ocmpressive testing 
which is the most popular type performed using the SHPB. However, 
SHPB systems have been developed to produce other modes of 
deformation. These include shear (Campbell and Dowling, 1970), 
torsion (Duffy, 1974), pure uniaxial strain in which radial 
displacement is constrained (Bhushan and Jahsman, 1978), biaxial 
(Stiebler et al, 1989) and tensicn, (Lindholm and Yeakley, 1968; also 
see Chapter 6). 
4.2.2 SHPB Theory 
In this section expressions for specimen stress and strain are derived 
by consideration of the motion of the bar faces at the specimen. The 
problem is best appreciated with reference to Figure 4.2 which 
indicates the strain pulses and specimen face displacements caused by 
the arrival of the incident strain pulse, cj. 
Assuming the pressure bars remain elastic, then the force, F, stress, 
a and strain, e in the bars are related simply by: 
A= EbAc (4.1) 
where Eb is the elastic modulus of each bar and A is the bar's cross- 
sectional area. 
Elastic wave prcpagaticn theory shows that: 
0 
p COU 
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a-C Eb C -ýC-o 7E CO vp 
(4.2) 
where u is the particle displacement and ý is particle velocity. Co 
is the longitudinal, wave velocity in the bar. 
Let CIo, CR and ET represent the strain arrplitudes of the Incident, 
reflected and transmitted pulses respectively and subscripts 1 and 2 
refer to the end faces of the incident and transmitter bar adjacent to 
the specimen as depicted in Figure 4.2. 
Then, forces on'bar faces 
F, = Eb A (c: I + cR) 
F2 2'- Fb 'ao T 
Velocity of bar faces 
0 ul = CO (V I- F- R) 
cc 0 
Displacements of the bar faces: 
Ui = Co C dt' 
u2 ý-' Co 
fE 
Tdt 
where t is time. 
I 
t 
Hence for the sarrple: 
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ll _ 
Fl + F2 
= 
EbA 
(EI + ER + E-T) s 2AS 2AS 
(4.3) 
Es - 
ul_- u2 
=£ft (EI - CR - ET) dt' (4.4) 
S0 
where kS is the lerxjth of the sample and As is its cross-sectional 
area. 
Assuming that the forces at the specimen ends are in equilibrium (i. e. 
the time for wave propagation through the specimen is negligible) 
gives 
F1 = F2 
or 
Thus 
cT= FE I+ F- R 
Cb (A ) EBS T As 
Es = 
-2CD 
t 
xf rR 
dt' 
s0 
0 -2CO Cs ý --j- 6R 
s 
(4.5) 
(4.6) 
(4.7) 
(4.8) 
Using these equations, corresponding points of specimen stress and 
strain can be matched to give actual stress versus strain curves. In 
the practical situation, the strain pulses cT and ER are sampled at 
small time intervals, At so that equation (4.7) is used in the form: 
-2Co tc At 
si-IR 
S 
(4.9) 
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4.3 DESCRIPTION OF THE LOUGHBOROUGH SHPB SYSTEM 
4.3.1 Historical Development 
For over fifteen years the SHPB technique has been used in the Physics 
Department at Loughborough University to study the dynamic mechanics 
of a variety of materials. In the early days the incident bar was 
loaded by impact from a standard 0.22" calibre bullet and sample 
strains were recorded by an optical shutter method (Griffiths and 
Martin, 1974). Years later, a compact gas gun was developed to fire a 
short steel rod projectile at the free end of the incident bar (Parry 
and Griffiths, 1979). This gas gun, driven solely by atmospheric 
pressure was a great improvement on the 0.22" bullet system since it 
produced uniform stress pulses which could be consistently repeated. 
Ellwood (1983) used a gas. gun of almost identical design except that 
it was longer 2.4m (cf 1.32m) and had a 20% larger bore at 2.5" which 
meant that a larger projectile could be used to achieve incident 
stress waves of larger amplitude. 
Ellwood, Griffiths and Parry (1982) modified the apparatus to a3 bar 
system in which aI durrrny' specimen was placed in the split between the 
first two bars while the actual specimen under test was placed between 
the second and third bars. The result of this modification was to 
shape the incident loading pulse in such a way as to produce a 
constant strain-rate during each test. 
Walker (1987) devised an optical fibre based system for measuring the 
impact velocity of the projectile which replaced the mechanical 
triggering system used by Ellwood. Walker also improved and expanded 
the software for the Commodore Pet computer, first introduced by 
Ellwood, to analyse the SHPB data (Parry and Walker, 1988). 
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Thus in the passage of time many advancements have been made in the 
Loughborough SHPB materials testing facility. The current project has 
not gone witlx)ut ccntributing to these improvements, rrost notably in 
the design of a new infra-red projectile velocity measuring device 
(Dixon, 1986). The following sections describe the sHPB arrangement 
used to test type 224 steel. 
4.3.2 Overall View of the SHPB System 
Figure 4.3 shows an overall view of the current basic SHPB apparatus. 
It can be seen that there are two principal ocnponents; the gas gun 
and a 4.5m length of pressure bars. 
The gas gun accelerates the projectile until it impacts with the free 
end of the incident bar thereby creating a stress pulse in the bar of 
duration 
T= 
21P 
(4.10) 
CO 
where P. P is the projectile length and Co is the velocity of 
laigitudinal waves in the bar. The amplitude of the incident wave, c, 
is expressed by 
V 
2CO 
where V is the projectile velocity upon irnpact. 
(4.11) 
The incident pulse propagates along the incident bar and a reflected 
and transmitted pulse are created at the specimen. All three waves 
are detected by pairs of strain gauges mounted at equidistant points 
40 an either side of the sample. The nxxnentum bar at the end of the 
line flies away from the rest of the bars after the transmitted pulse 
has been reflected back as a tensile wave. It is trapped by a 
plasticine filled box thereby dissipating the energy released by the 
system without causing damage to the apparatus or injury to perscnnel. 
FIG4.4 Photograph of the projectile 
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The follcming sections describe the components of the Loughborough 
SHPB facility in mc)re detail. 
4.3.3 The Projectile 
Figure 4.4 is a photograph of a 25 cm projectile. The essential part 
of it is a length of 431 stainless steel rod of 1/2" diameter, equal 
to that of the bars. The rod is held centrally in a cotton reel-shaped 
body made frcm PTFE. - 10 1 rings and brass locating rings allow the rod 
to slip through the PrFE body upon impact with the Hopkinson bar. The 
PTFE collars of the projectile allow it to slide easily along the 
polished bore of the gas gun and also provide two convenient edges 
from which velocity measurements can be made (see Section 4.4). The 
projectile was usually cooled in a refrigerator so that it could move 
freely along the interior of the gas gun without sticking. If left on 
the laboratory bench for any length of time, the projectile was apt to 
swell or contract according to the arrbient temperature. This would 
lead to inconsistency of projectile velocity and on warm Sunver days 
the projectile would become jammed in the gun if not cooled before 
loading. 
4.3.4 The Gas Gun 
The gas gun depicted on the left hand side of Figure 4.3 is based on 
the original smaller version designed by Parry and Griffiths (1979). 
Since it operates by the use of atmospheric prqssure only, it is far 
safer and more convenient to operate than Mst other gas guns used in 
materials testing which usually require very high pressures. 
The gas gun itself is basically a 2.4m icrxj 321 stainless steel tube 
haviryj a polished bore of diameter 2.5". The tube is joined to a 
rotary-type vacuum pump at both its ends via a set of four diaphragm 
valves. The gun operates by loading the projectile at the end furthest 
frcm the Hopkinson bar, evacuating the tube to a pressure below 1 mb 
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and then- suddenly exposaxyg the projectile to atmospheric pressure 
by 
the release of a lever. 
The lever moves a flat end plate which covers, and thus seals, an 
aperture plate situated at the end of the gun. The aperture plate has 
various sized holes (2,4,6,8,12 rm and two of 20 mm diameter) 
drilled through it and each of -these may be sealed with small easily 
removable rrylon plugs. When the gun is fired (the lever released), 
atmospheric pressure enters -the W: )e through these holes. 
Hence by varying the number and size of the holes unplugged the force 
on the projectile frcm atmospheric pressure may be varied and this in 
turn determines the impact velocity of the projectile on the incident 
bar. For safety's sake the gun will. not fire without the aperture 
plate in place. 
At the impact end of the gun three brass fibre optic mounts are 
situated (A, B and C) 10 an apart. These brass mounts form vacum- 
proof seals with the wall of the gas gun cylinder and allow three 
pairs of optical fibres to protrude into the wall of the gun without 
disturbing the motion of the projectile or the internal vacuum. The 
height of the optical fibres above the PTFE collars on the projectile 
can be easily adjusted and is currently set for cptimm reflection of 
infra-red fran the collars as the projectile passes. This reflective 
optical system permitted the measurement of the impact velocity of the 
projectile (described in Section 4.4) and held the advantage over a 
transmissive optical system in requiring only three holes in the wall 
of the gas gun as opposed to six. 
. 
A rubber bung with its central core removed is located at the end of 
the gun. It protects the PTFE guide of the projectile from being 
smashed against the steel end plate as it slides along the projectile 
rod after impact. 
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4.3.5 The Bars 
All the bars in the SHPB system are of 1/2" diameter. The incident bar 
actually comprises two separate lm long bars. The first of these, into 
which the projectile collided, is made of 431 martensitic stainless 
steel (yield strength = 700 MPa). The second bar, which is in 
intimate contact with the first at me end and with the specimen at 
the other end, is made of a high strength maraging steel (yield 
strength =1300 MPa). The reason for this two bar, incident bar 
structure was two-fold. Firstly, it provided a convenient split in 
which to place pulse shaping samples as discussed by Ellwood et al 
(1982). Secondly, the initial 431 bar tended to attenuate the 
Pochhammer-Chree oscillations (high frequency stress components 
discussed in Section 4.7.2) superimposed on top of the loading stress 
waves which are generated upon inpact of the projectile. This meant 
that the stress wave incident upon the specimen was clearer and more 
uniform than if the 431 bar had been omitted. 
The transmitter bar was again a lm length of maraging steel rod, while 
the mcmentun bar was 1.5m of 431 steel. Before each experimental test 
on a sample, the alignment of the bars was checked by shining a 
diffuse light from a small hand-held torch behind each bar/bar and 
bar/specimen interface. In this way any chinks of light observed 
revealed a misalignment which would then be corrected. It was 
important to ensure that all bar end faces were-flush and parallel so 
that damage to the bars was prevented and unwanted reflections frcm 
the bar interfaces were avoided. Strong elastic cords were used to 
pull together any bar/bar or bar/specimen interfaces (except for the 
mcment= bar) to avoid small gaps occurring. 
4.3.6 The Mechanical Supports 
The gas gun and the Hopkinson bar rest on two separate mild steel 
supports so that unwanted vibrations fran the gas gun as it is being 
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fired are not transmitted to the strain gauges momted cn the bar 
network. 
The first Hopkinson bar is coupled to the gas gun via a pair of vacuum 
tight 'O-rings' which permit a certain amount of movement of the bar 
through them immediately after impact. These O-rings prevent arry 
vibrations generated in the initial stages of the projectile launch 
from bqing transmitted to the bars themselves. 
The bars themselves rest on IV'-shaped nylon cl&rps which are mounted 
on commercial optical bench stands. These may be placed in any 
adjustable position along a 4m length of optical bench. The stands 
have a screw driven movement in two perpendicular directions allowing 
variation in height and transverse distance from the centre, of the 
optical bench. This arrangement enabled precise alignment of the bars 
and also permitted bars of different lengths and configurations to be 
used. 
It was importmt not to Overtighten the v-shaped nylm blocks which 
clamped the bars as this would have caused spurious reflecticns to 
occur during the passage of the loading Stress wave. For this reaSOn 
it was ensured that for every test the bars were able to slide freely 
through the rrylm blocks after the initial projectile impact. 
4.3.7 The Strain cauges 
The strain gauges used in this experiment were type FLA-6-17 (Tokyo 
SOkk: L Kenkyujo CO Ltd) designed to give a linear change in resistance 
with strain up to 2%. The strain gauges had gauge lengths of 6 mm and 
were affixed to the bars in diametrically opposite pairs so that the 
effects of bending waves would cancel and also to double the size of 
signals from them. Each pair was mounted at a distance of 40 an either 
side of the sample on bar surfaces slightly abraded with 400 grit 
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silicon carbide paper and cleaned with methyl-pentOne. A CyanoaCrylate 
superglue adhesive (type CN-2) was used to fix them to the bars, as 
reocnrnended by the supplier of the strain gauges (Techni Measure Ltd). 
The gauges have a ncminal resistance, Rs of 120Q . The relationship 
between change in resistance, dR s and strain 
is given by: 
1 dRs 
F Rs 
(4.12) 
where F is the gauge factor. For the batch of gauges used here F 
equalled 2.12. 
4.3.8 Specimens and Specimen Lubrication 
Two sizes of solid cylindrical specimens were used: 10 mm (± 0.1 m) 
diameter x5m (± 0.05 mm) length and 8 mm (± 0.1 mm) diameter and 4 
mm, (± 0.05 mm) length. Details of measurements of surface flatness 
and parallelism of the samples were presented in -Section 3.2. The 
specimens were machined on a lathe in the Physics Department's 
mechanical workshop. A coolant was used to ensure that high 
temperatures which may have disturbed the internal structure of the 
steel were not incurred. After cutting, the specimens were finely 
ground to produce smooth flat parallel faces. They were not heat 
treated in any way before being mechanically tested in ccmpressicn. 
Details of the original locations of the specimens within the type 224 
steel billets supplied by the UKAEA (Winfrith) are described at the 
beginning of Chapter 8. The same specimen types were used for 
ccmpressicn testing at lower strain rates (Chapter 3). 
The importance of lubrication in SHPB tests has been clearly 
demonstrated [Ellwood (1983) and Follansbee et al (1984)]. To 
corroborate this point, the first twenty swples: to be tested using 
the SHPB were not lubrfcated, thereafter ALL samples were lubricated 
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with siliocne grease for tests at rocm terperature and +15()PC. At 
-400C and -1100C PTFE spray was used while at +3000C molybdenum 
disulphide ('Molyslip') was used. The effects of lubrication are 
discussed at greater length in the results in Chapter 8. 
4.4 REOORDING INSTRUMENTATIM AND DATA ANALYSIS 
4.4.1 System for Measuring impact Velocity of Projectile 
At the start of the current investigatim a new infra-red system was 
designed to measure the velocity of the projectile just before impact 
with the Hopkinson bar (Dixon, 1986). Schematically it is depicted in 
Figure 4.5. The projectile velocity is determined fran the time taken 
for it to travel two consecutive distances (i. e. AB and B C), each of 
10 an, immoediately before impact. 
Three Pairs of optical fibre probes are inserted t1=ough holes in the 
wall of the gas gun at points A, B and C. In each pair, one of the 
fibres transmits infra-red radiation frcm a GaAlAs IED (400 pW at 820 
35 m) while the other fibre acts as a receiver of any radiation 
reflected frcm the collars of the PTFE projectile guide as it passes 
the probe. 
The ends of each transmitter-receiver fibre pair are cut at an angle 
y as shmm in Figure 4.6. This causes refraction of the emitted beam 
from the transmitting fibre and also refraction of the reflected beam 
into the receiving fibre as indicated by the ray lines. By this 
method it was found that more radiation could be recaptured after 
reflection from the PrFE guide than if the ends had been left flat 
(i. e. y= 00). A series of simple experiments using fibres cut at 
various angles , showed that the greatest return of radiation through 
the receiving fibre was achieved if y was equal to 40P. 
FIG4.6Showing the Refractive Effect of cutting the 
OPtical Fibres at a non-rerpendicular angle to the 
fibre-axis. 
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It was also found that the distance (d) of the fibre ends fxa, the 
pTFE reflecting surface is critical. The maximLzn return signal is 
detected when d is such that the centre of the emerging beam is 
reflected back into the centre, of the receivirxj fibre as illustrated 
in Figure 4.6. Hence in the current fibre optic system all three 
fibre pairs have y= 400 and d has been set for optimum reflection 
(i. e. d=1.2 mm). 
The electronics of the projectile velocity measuring system are shown 
in Figure 4.7A (the transmitter circuit) and 4.7B (the receiver 
circuit). The transmitter circuit consists quite simply of a 2% 
tolerance metal oxide resistor of low temperature coefficient in 
series with an infra red 'sweet spot' emitter diode (RS 303-309). 
This LED was specially selected from a range of possible alternatives 
since it contained a small glass bead lens wi-Lich focused the emitted 
infra red into the ccmecting optical fibre with greatly improved 
efficiency. The series resistor was chosen to be 60.11 so that the 
current through the LED was (55 ± 2) mA which was close to the 
specified optimum operating conditions for the diode. 
Figure 4.7B slxws the receiver circuit. When infra red radiation is 
reflected from one of the PTFE projectile collars, it is passed via 
the receiving optical fibre to an RS 303-292 'sweet spot' photodiode. 
For optimum sensitivity this device also emboffled a small glass bead 
lens to focus infra red from the optical fibre onto the photosensitive 
area. 
The first stage of the receiver circuit behaves as a transimpedance 
amplifier since the CA3140 op-amp acts as a current to voltage 
converter. When infra red radiation falls on the photodiode a 
current, i, is generated. Virtually all this current flows through 
the 100 KSI feedback resistor thereby producing a voltage of 105 xi 
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volts at the output of the first stage. The signal is then amplified 
by a factor of ten by the 2nd stage so that it reaches a level of 
approximately +2V for maximun reflection of infra red frcm the PTFE 
guide. 
CA3140 FEr op-&rps were chosen for the first and second stages for 
their high input impedance and low noise characteristics. The two 47 
pF capacitors have been included to minimise the amplification of 
unwanted diode noise which may cause erroneous triggering in stage 3. 
In the third stage of the circuit a 311 comparator compares the 
amplified input signal arriving at its inverting input, A, with the 
+0.56V level on its non-inverting input, B. As long as the voltage on 
the inverting input is lower than this threshold level, the output, c 
of the ccnl: )arator remains at a fixed +5V. However as soon as the 
input goes higher than the threshold, when light is being reflected 
back frcm the PTFE guide, the comparator output drops to zero. 
The 74LSOO invertor may be switched into the circuit so that the 
pulses generated by the passage of the projectile are all positive 
going (0 -* +5V) as indicated in Figure 4.7B. The sum of the response 
time and rise time of the whole circuit is no more than 100 P S. In 
other words if reflected infra-red radiation falls on the photodiode 
in stage 1 the output level of the circuit (inveýrter switched in) will 
reach +5V in less than 100 vS later. Since the projectile velocity 
never exceeds 40 ms-1 this means that the maximum error in the 
velocity measurement of this system is about 4%- and is smaller than 
this for the lower projectile velocities. The percentage error in the 
velocity measurement may be calculated roughly as 0.1 x the actual 
recorded velocity (in ms-1). 
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The ccrrplete receiver ccrrprises three identical and separate anplifier 
channels each me being the circuit of Figure 4.7. The outputs frcm 
the three channels are fed into two Racal-Dana 9901 timer/counters 
which record the two times for the projectile to traverse the fibre 
optic probes AB and B C. In this way an indication is obtained of 
whether the projectile is accelerating or decelerating before impact 
with the Hopkinscn bar. 
Figure 4.8 shows typical output pulses produced by channels A and B of 
the receiver circuit for a projectile velocity of 35 ms-1 with the 
invertor on the output stage switched out. Note that the start of the 
second pulse in the upper trace is coincident with the start of the 
first pulse on the lower trace since the leading edges of the front 
and back collars of the projectile are 10 cm apart which is the same 
distance as between the fibre optic probes. 
A calibration was made of projectile irrpact velocity as measured by 
the infra red system described above for different gun apertures. The 
resulting curve is shown in Figure 4.9. Average projectile velocities 
were calculated from the means of the two times recorded in each 
'shot' as it was found that there was little or no acceleration of the' 
projectile just before Impact. 
Alcrxj the horizontal axis of the graph in Figure 4.9 is plotted the 
sUm of the radii squared of the unplugged holes (i. e. the square of 
the effective aperture radius, ZR2) when the gun is fired. This 
quantity equals the total aperture area divided by 7r. The error bars 
drawn in Figure 4.9 represent the extreme variations of velocity for 
each aperture combination. A best fit curve has been drawn through 
the points. 
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The calibration curve proved useful in all subsequent work using the 
SHPB since it allowed the author to choose appropriate aperture 
combinatia, is to achieve a desired strain rate in the specimen. The 
maximum projectile velocity recorded was 39 ms-1 at an effective 
radius of 10 mm. No attempt was made to exceed this speed as this may 
have resulted in an impact stress of more than 8 Kbar which would 
cause damage to the 431 stainless steel pressure bar. 
The variability in velocity for a given aperture combination 
(indicated by the error bars in Figure 4.9) occurs because of the 
difficulty in reproducing the projectile firing ocnditions. For two 
'shots' to produce the same projectile velocity the initial gun 
pressure and projectile temperature must be identical in each case. 
There is more variation and less consistency in projectile velocity 
when more than two aperture holes are used. 
4.4.2 Data Acquisition 
The SHPB data acquisition system is outlined in schematic form in 
Figure 4.10. The strain gauge pairs used to detect the incident and 
reflected stress curves and the transmitted stress wave are denoted by 
SG1 and SG2 respectively. Each pair of total resistance 240Q, were 
wired in series and formed part of a simple strain gauge circuit as 
shown in Figure 4.11. The circuit is a sirnple potential divider which 
includes a 2.2Kn ballast resistor and a 90V *d. c. stabilised power 
supply (Farnell type E350) as well as the gauge pair. The battery 
polarity is configured in such a way that a compressive strain pulse 
reduces Rs and thereby produces a positive going output voltage, Vs. 
It can be shown (e. g. Ellwood, 1983) that at the low strain levels in 
the bars (<0.3%) the change in voltage, dVs across the strain gauges 
is linearly proporticnal to the strain, c, in the gauges acoordirxj to 
the equation 
II 
En 
tri 
(n 
LU 
U 
. rl, 
I a. 
LLJ 
U: ) 
Z ly- 
V3 
I- I, 
(X 
Lu 
C) 
CJ 
uj Lo 
L. J 
Z 
tk: 
I- 
CI") 
bo bO 
M P4 
M P4 
LL. Lo 
(n 
ct 
C4' 
ci 
N 
It 
,a 
cli 0) 
> 
V 90 
0m cl 
U) 
0 (D En Cd k, bo 
(L) 0 
cl Ck. bO 0) 
Cd 
a =1 EJ $4 cl 
U) - bO co &ý en - 
v'» 
P, Al 
LL 
F- [Z Z im 0 
Z0 
< t-i 
, L) d -! 4 - ; -- - ! 13 -, n 
a4 
LLO 
ftý 
LU 
ci 
0 Er- 
ci 
:, S_ 
Lu 
CL 
L3 0 
-i (I- 
r--m 
LLJ 
0 ce. 
0 
92 
(n + 1) dVs 
n FE 
(4.13) 
where n is the ratio of ballast resistance to total gauge resistance 
(= Rb/Rs), and F is the gauge factor as defined by equation (4.10) and 
E is the power supply voltage. 
The voltages across SGl and SG2 are fed to linear high bandwidth (> 20 
M-1z) amplifiers contained in the plug-in units of a Tektronix CRO 
(Tektronix type 556 dual beam oscilloscope). In ccapressive te-iting 
gains of 10 were usually used, but for the tensile tests where the 
signal for the transmitted stress pulse from SGl was small gains of 
X25 or even X100 were employed. 
The amplified signals are fed to the two input channels of a Datalab 
DL912 8-bit amplitude resolution transient recorder which digitises 
and stores each strain gauge signal in separate 4 kbyte digital 
memories. Hence the total electronic gain of the system is determined 
by the ormbination of the gain of the oscilloscope amplifier plus that 
of the transient recorder. 
The full scale input voltage on both input channels of the transient 
recorder could be selected between 0.1V and JOV. Hence the voltage 
resolution of the transient recorder was detexýnined, as the selected 
full scale input voltage divided by 255. Usually before a shot, the 
full scale voltage setting was chosen to be as low as possible without 
the likelihood of saturation occurring. This allowed the maximum 
al"ount Of meMOx: Y to be used and therefore meant that the voltage 
resolution was also at a maximum. However a certain amount of 
experience was required before Optimum full scale voltages could be 
selected reliably. 
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Throughout this thesis a ntrrber of typical traces are presented. on 
scme of the earlier ones (such as Figure 4.16 later) a small amount of 
'stepping' on the traces may be observed which illustrates the 
digitising action of the transient recorder. 
The temporal resolution, At of the systern is dependent czY strain gauge 
length, jt 9 and 
the longitudinal wave velocity, Co in the pressure 
bars. This is given by: 
At =z 9/co 
(4.14) 
Since Zg=6 mm and C0=5 mml ps, At is approximately 1ps and hence 
the optimLun sampling rate is 1 MHz. At this sampling rate 4 ms of 
data are recorded in each channel of the transient recorder. 
A polaroid photograph is taken from the Tektronix oscilloscope screen 
of the incident, reflected and transmitted waveforms captured by the 
transient recorder for every experimental shot. This meant that if the 
stored data was lost or became corrupted an analysis could still be 
made from the photograph. The photographs also proved useful in 
establishing the starting points of the strain pulses (see Section 
4.4.4). 
4.4.3 Data Transfer 
The software currently used for data transfer from the transient 
recorder to a CcmTcdore 3032 microccoputer (conTcnly known as I PET I) 
and subsequent data analysis was developed by Walker (1987). The 
transfer of 400 data bytes frcm each digital memory of the transient 
recorder occurs via an IEEE interface. Frcm the I PET I the data is 
transferred for permanent storage on a floppy disk. 
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4.4.4 Data Analysis 
The data analysis program starts by identifying each of the strain 
pulses cj, cR and cT and their starting points. Next the baseline or 
zero strain level is determined for each channel. The baseline for 
channel 1 was evaluated by averagirxj the 10 data points which occur 
130 lis after the start of the reflected pulse. In a similar fashicn 
the baseline for channel 2 was calculated as the mean of the 10 points 
which occur 130 Ps after the start of the transmitted pulse. If 
necessary at this stage two modifications may be made to the standard 
analysis: 
a) In the case of imperfect alignment between the pressure bars 
and the test specimen U. e. when one or both faces of the 
specimen are only in partial contact with the face of the 
pressure bar) a delay will occur in the arrival of the strain 
pulse at SG2 compared with the arrival of the reflected pulse 
at SG1. The initial part of the reflected pulse will be of 
high amplitude due to the closing up of the air gap during 
compression, and this in turn, will result in an over-estimation 
of the initial specimen strain. Figure 4.12(a) and (b) 
schematically ccmpares the type of reflected pulses produced by 
a perfectly aligned and imperfectly aligned specimen. The 
program allows the operator to modify the start of the 
reflected pulse so that the portion of the pulse which arrived 
too soon is renoved and the pulse beccmes modified to the new 
shape illustrated by the dashed line in Figure 4.12(b). Cnce 
the new starting point has been chosen the computer effectively 
draws a line parallel to the original initial slope of the 
pulse but beginning at this new start point. Hence the 
Premature part of the original pulse which may be ascribable to 
a misalignment effect is discarded. This is a very valuable 
feature of the analysis program since it means that data which 
may have been discarded due to an artificially large reflected 
peak can be corrected and sensibly analysed. 
I ---" 
start of' 
modified 
pulse ' / 
(a) 
(b) 
(a) Reflected pulse from perfectIv aligned specimen 
(b) Reflected pulse from imperfectly aligned specimen 0 
............ -. I.. 7 
originally estimated 
baseline 
FIG4.12 
modified reflected pulse baseline 
". 
FIG4.13 
Reflected pulse sloping, baseline correction 0 
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b) Often in SHPB tests the baseline fiat SGl does not return to 
zero after the passage of the incident strain pulse so that the 
reflected pulse may ociTnence or terminate at a strain level 
above or below the 'zero' strain level of the baseline. In such 
a case, the program permits a correction which introduces a 
sloping baseline so that the values of strain at each end of 
the reflected pulse are set to zero. Figure 4.13 illustrates an 
exaggerated correction where the dotted line is the previously 
estimated baseline and the dashed line is the modified sloping 
baseline. 
In handling the analysis software the operator is able to override any 
incorrect computer decisions due to non-ideal pulse shapes. At each 
microsecond interval, values of engineering strain, strain-rate and 
stress are calculated according to equations (4.6) to (4.9) which are 
then converted to true stress, strain and strain-rate by equations 
(3.6) and (3.7). Numerous manual analyses from polaroid results of the 
original waveforms have established the validity of the computer 
method. 
4.4.5 Graph Plotting 
The last stage of the computer routine is the, plotting of the 
calculated true strain, strain-rate and stress in graphical form. 
This is done on a high resolution digital XY piotter (JJ Lloyds PD4) 
coupled to the 'PET'. The main Hopkinson bar program plus the graph 
plotting program are presented in Appendix I. 
4.5 ELEVATED TEMPERATURE TESTING (150 AND 3000C) 
Chiddister and Malvern (1963) were the first to report elevated 
temperature tests in the SHPB method. They used a cylindrical 12" 
ceramic furnace placed round the Hopkinson bar to heat aluminium 
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specimens up to temperatures of 5500C. They found that the heat 
generated in the pressure bars altered the shape of the stress waves 
and thus had to apply a correction for this. 
Since then numerous tests have been conducted at elevated temperatures 
using the SHPB method, most workers favouring some form of electrical 
coil furnace to heat the specimen although quartz lamps (Watson and 
Ripperger, 1969 and induction heating (Rosenberg et al, 1986) have 
-also been used. The main concern in such tests, is the effect of the 
increased temperature of the bars on the velocity and shape of the 
strain pulses. Frantz et al (1984) have devised a system which 
overcomes this problem by separately heating the specimen up to the 
desired temperature and then bringing the pressure bars into contact 
with it for less than 150 mS before the actual test. 
In the current SHPB system the Nichrcme wire coil heater described in 
Section 3.11.1 was used to perform tests at specimen temperatures of 
1500C and 3000C. As in the low strain-rate testing a K-type 
thermocouple mounted on the bars at a point within 2 mm of the 
specimen was used to monitor the temperature. The relatively short 
length of the heater and the fast heating time (30CPC in 4 minutes) 
meant that the temperature of the bars outside the ceramic tube did 
not rise appreciably. Hence no thermal effect of the bars on the 
shape of the incident, reflected and transmitted waveforms was 
observed. This was consistent with the findings of Ellwood et al 
(1984) who used the same heating method for investigating 321 
stainless steel up to a temperature of 60OPC. 
4.6 LOW TEMPERA= TES (-1100C AND -400C) 
Low temperature work was carried out usirxj a liquid nitrogen based 
system similar to that described in Section 3.10.1 used in the low 
FIG4.14 Photograph of cooling box for SHPB compression tests 
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strain-rate tests. A rectangular shaped copper box (15 mm long x6 mm 
high x9 mm wide) was made which enclosed the Hopkinscn bar plus 
sample (see photograph in Figure 4.14). Cooling was achieved by 
filling the hollow walls of the box with liquid nitrogen which had the 
effect of cooling the air around the bars and specimen. The whole of 
the box was well lagged with polystyrene during a test. Since heat 
conduction through the bars was small temperatures as low as -11CPC 
could be obtained with ease. The lowest temperature recorded using 
this system was -1400C but this required several liquid nitrogen 
refills of the cooling chamber. 
4.7 FACTORS MICH AFFI= THE ACCURACY OF THE SHPB ýMMOD 
Since the early development (Kolsky, 1948) of the SHPB in its current 
form the validity of the method has been questioned by many 
investigators. Nowadays it is accepted that the SHPB can produce 
results which represent the true dynamic mechanical behaviour of the 
material under test provided that due consideration has been paid to 
the effects of friction, inertia, wave dispersion and stress 
equilibrium in the sample. Recently, Follansbee (1987b) has reviewed 
the importance of these effects in SHPB work. This section deals with 
such effects and considers their significance with regard to the 
Loughborough SHPB system. 
The issue of stress equilibrium within the specimen is a necessary 
requirement of equation (4.3) and is discussed in the next Chapter in 
which a computer program to test the validity of this assumption for a 
variety of materials is described. 
4.7.1 Friction and Inertia Effects 
Friction can be a problem in all compression tests, regardless of 
strain-rate, if proper consideration is not given to specimen 
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dimensions and lubrication. Its effect is to restrict the radial 
movement of a specimen and cause an overestimate of its uniaxial 
stiffness and strength. Axial and radial inertia too may cause errors 
in dynamic tests by opposing the equilibration of stresses. 
In his original work, Kolsky (1949) attempted to minimise the effects 
of axial inertia by using thin specimens of length to diameter ratio 
(ts/ds) of only 0.1 or less. However, Davies and Hunter (1963) showed 
that in order to minimise frictional effects the sample aspect ratio 
should be: 
ksvs r3 
ds 2 (4.15) 
where 'vs is the Poisson's ratio for the sample material. These two 
investigators also derived a condition for which inertial effects can 
be considered negligible, i. e. 
> n2 ýs 
ks 2 
(4.16) de T2 
where T is the rise-time of the loading stress wave and ps is the 
density of the specimen material. Davies and Hunter reccmTended that 
the test data should be rejected if this inequality is violated. 
The choice of optimum ts/ds ratio for an SHPB sample, then, is a 
ccmprcmise between what is best in terms of minimisirxi frictional 
effects and what is best for the minirnisation of inertial effects. One 
dimensional analyses of the problem have been carried out by Chiu and 
Neubert (1967) and Jah-sman (1971) but the most ocmprehensive ocnputer 
analysis in two dimensions was carried out by Bertholf and Karnes 
(1975). These investigators ocncluded that the optimum, Rs/ds ratio is 
0.5 which agrees reascnably with that quoted by Davies and Hunter 
(equation 4.15). 
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Bertholf and Karnes also proposed that, based on inertia, the 
experimental results from an SHPB test are valid provided that: 
dsý '-- 5x 103 cms-l 
and that the loading pulse has a rise time, T, such that 
(4.17) 
T/ds >, 16 ps criCl 
In the Loughborough SHPB system used here d. = 0.8 or 1 an and T is of 
the order of 15 Ps with the 431 and maraging steel bars. Thus 
equations (4.17) and (4.18) confirm the validity of the Loughborough 
method up to strain-rates of 5000 s-1. It has been found that 
equation (4.18) is consistent with equation (4.16) for most metals. 
Hence a ramped loading wave is desirable in all SHPB experiments. 
4.7.2 Wave Dispersion and Pochhammer-Chree Oscillaticns 
Figure 4.15 shows four different SHPB caTpression shots on type 224 
steel specimens recorded in the Lcughborough system for four different 
projectile velocities. In each photograph the upper trace depicts the 
incident and reflected waves as recorded by SGl (in Figure 4.10) while 
in every lower trace can be seen the transmitted wave recorded by SG2. 
As expected frtn the theory the reflected and transmitted waves are 
coincident in time. 
The important feature to notice in Figures 4.15B and C is that high 
frequency oscillations are present in the pulses. The amplitude and 
frequency of t1le-se oscillations are dependent on the nature of the 
initial projectile impact, the bar material and any misaligrx-nents 
along the length of the bars. Misalignments or small air gaps at the 
bar/bar or bar/specimen interfaces tend to accentuate the oscillation. 
FIG4.15 4 Typical SHPB Shots at 4 Different Projectile Impact 
Velocities 
All Horizontal Scales: - 40ps/div 
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The pochhammr-Chree phencaeixn is a direct ccrýsequence of the Fourier 
ccmporients of a pulse suffering frcr elastic wave dispersion, i. e. 
frcm the fact that the velocity of a wave (Fourier ocmpcnent) in a bar 
depends on its wavelength relative to the bar diameter. Thus if a near 
perfect trapezoidal incident stress pulse is created upon inpact of 
the projectile on the bar then by the time the pulse reaches SG1, its 
higher frequency ocmponents will be lagging behind the leading edge. 
The mathematical description for this type of elastic wave behaviour 
was first derived by Pochharrrner (1876) and Chree, (1889) and their 
solutions were applied to elastic pressure bars by Davies (1948). The 
appearance of Pochharnmer-Chree oscillaticns in SHPB data is a nuisance 
since they mask the true behaviour of the material under test. This is 
especially true for materials which show a definite discontinuous 
yield point such as 224-steel in which case the upper and lower yield 
points may be easily over and under estimated respectively. 
Pochhammer-Chree oscillations can be 'smoothed' out by electronic 
filtering or by the application of Fourier correction techniques 
(Follambee and Frantz, 1983), but it should always be remembered that 
the recorded incident pulse represents the actual stress profile of 
the pulse which loads the specimen. Thus the presence of Pochhammer- 
Chree oscillations in the incident pulse may gýve rise to a sequence 
of unloading and reloading fronts within the specimen so that 
localised regions may experience stress and strain histories which 
differ substantially from the average behaviour over the whole 
specimen. 
For this reason, the philosophy of Loughborough is to produce incident 
pulses which are as clean and oscillation free as possible. It has 
been observed (Dixon, 1988) that high strength maraging steel is 
particularly good transmitter of the Pochh&mer-Chree oscillaticro, 
FIG4.16 An oscillation free trace prnduced for carbon 224 SE. MDles 
(Impact velocity; 35ms-1. Sample size; 10 x5 mm. The actual 
SHPB pulses for this record are shown in Figure 3). 
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resulting from rapid projectile impact. To minimise these 
oscillations, the first bar to be struck by the projectile in the 
Loughborough system is lm of 431 stainless steel. This is followed by 
im of maraging steel bar which acts as the usual incident bar, and on 
which the strain gauges SGl are affixed. The 431 bar has a lower yield 
strength than the maraging steel and has the effect of damping the 
oscillations generated by projectile impact before reaching the 
specimen. 
As mentioned previously, at each bar/bar and bar/specimen interface 
restoring forces are applied by pieces of elastic material attached to 
the bars and tied around the nearest convenient optical support. This 
improves the overall alignment of the system and removes the 
possibility of air gaps being present at the interfaces due to gas-gun 
generated vibrations. With such a simple elastic band arrangement it 
is possible to record traces which are almost devoid of any 
oscillations such as the one shown in Figure 4.16. For this 
particular test the upper and lower yield points in the computer plot 
of true stress versus true strain are determined unequivocally. 
4.8 SUMMARY 
This Chapter has dealt with the historical development and the theory 
behind the split Hopkinson pressure bar method which has now become a 
well established technique for testing materials at high strain-rates. 
In Particular a detailed account of the Loughborough SHPB system has 
been given. Investigations carried out during this project have 
proved that the system at Loughborough is a valid one frcm which 
meaningful results may be obtained. Factors which affect the accuracy 
of the Looughborough system have been discussed. 
Results of SHPB tests on type 224 steel carried out during this 
project using the Loughborough system are presented in Chapter 9. 
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CHAPTER 5 
COMPUrM ANALYSIS OF THE EF= OF MULTIPLE 
REF=ICNS WITHIN A SHPB SPECMEN 
5.1 INTRODUMON 
When a stress wave is incident on a sample in the SHPB system, 
reflections will occur at both interfaces, bar/sample and then sample/ 
bar. Reflectiais from the second interface (sample/bar) will return 
to the first interface (bar/sample) and will again be partially 
transmitted and reflected upon reaching it. The process continues so 
that multiple reflections will occur within the Hopkinson Bar sample 
and a succession of reflected waves beccme 'trapped' inside the sample 
propagating back and forth between the two interfaces. 
Theoretically, a reflected wave 'trapped' in this manner will undergo 
an infinite number of reflections between the interfaces; however at 
each reflection the intensity of stress will decrease since a fraction 
of the wave is always transmitted. After only a few reflections the 
wave will have decayed to a negligible amplitude. 
The effect of these multiple reflections within the sample is to 
produce a dispersion of the incident wave. Thus if the incident pulse 
has a sharp rise time before reaching a constant maximum stress, the 
transmitted pulse rise time will be less sharp. The increase in rise 
time apparent in the transmitted pulse will depend on the severity of 
the mismatch between bar and sample and can lead to imprecision in the 
analysis in the yield region. 
Furthermore, in Chapter 4 it was sIx= that the theory upon which the 
SHPB analysis is based assumes that 
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ý'I +CR (equaticn 4.5) 
where E: is the strain produced in the pressure bars and the 
subscripts, T, I and R refer to the transmitted, incident and 
reflected pulses respectively. The condition defined by equation 
(4.5) above is only true if the stresses and therefore the forces are 
equal in equilibrium on either side of the sample. This equilibrium 
condition will not arise immediately a stress wave is incident on a 
SHPB specimen, but will occur after several reflections have taken 
place inside the sample (Hauser, 1966). 
Lindholm (1964) investigated the equilibrium condition experimentally 
for a variety of specimen materials and lengths by adding CR and CT in 
a differential amplifier and ocrrparing the sum with cj* He observed 
that the differences recorded were within the experimental accuracy 
and thus could be safely neglected. 
Follansbee (1986), concerned about the doubtful validity of using 
equation (4.5), elected instead to use equations (4.3) and (4.4) which 
involved making a precalibration, of the timing of, the reflected pulse 
with no transmitter bar, and the timing of the transmitted pulse with 
sample present, both relative to the leading edge of the incident 
pulse. In this way the timing between cj, cR and cT are more 
accurately established during the actual test but the analysis beocmes 
lengthier. 
In this Chapter, a ccmputer program is described which can be used to 
investigate the significance of multiple reflections in establishing 
the rise and fall times of the transmitted and reflected waves 
respectively. This would prove useful in designing dunny samples for 
pulse shaping in the three bar, SHPB system introduced by Ellwood et 
al (1982). 
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Furthermore, the program has been used to calculate the time taken for 
stress equilibrium between both faces of the specimen to be achieved. 
This has allowed an assessment of the validity of the Loughborough 
system for the current experiment on 224 steel as well as for other 
materials. 
5.2 ONE DM24SICNAL THMRY OF STRESS WAVES IN AN SHPB SAMPLE 
5.2.1 Initial AssLmptions 
In this section the theory behind the generation of multiple 
reflections within a SHPB sample is developed starting with a general 
consideration of a wave incident at an interface between two bars of 
different material and diameter. The equations so deduced are then 
applied to the SHPB sample having two interfaces. 
The theory assumes that: 
1. the stress distribution is uniform radially through the bars 
and sample; 
2. the cross-sectional area of bars and the sample remain constant 
throughout the passage of the stress waves; 
3. the bar and sample materials remain hcrriogenecus and elastic at 
all times. 
Before conTe=ing it is worth bearing in mind the following figures. 
The incident stress pulses in the Loughborough SHPB system typically 
have rise times of between 5 and 10 jis and total duration 100 lis. The 
traverse time of a wave in a5 mm, long steel sample is approximately 
1 11s. 
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5.2.2 Reflection and Tranmission, of Stress at a Discontinuity 
Consider the situatim of an elastic wave of stress a,, incident on a 
disciontinuity as depicted in Figure 5.1 where 
A, = cross-secticnal area of Slj, A2 = cross-sectional area of S2 
P, = density of Sl, p2= density of S2 
C, = velocity of sound in S1, C2 = velocity of sound in S2 
a, = the stress wave incident m AB 
CrR = reflected stress wave which may be tensile or ccmpressive 
aT = transmitted stress wave 
VI, R, T are the particle velocities in the materials S, and S2 due to 
the incident, reflected and transmitted stress waves respectively. 
Part of the wave will be transmitted with stress, cl T and part of it 
reflected with stress, c'R* cýT and GR may be calculated as fractions 
of a, if the following ccnditicns are satisfied at AB: 
i) the forces on plane AB actirg from S1 and S2 are at all times 
equal, and 
ii) the particle velocity in plane AB for S, and S2 are equal. 
According to (i) we have, assuming a If cr RICYT are ccmpressive: 
Al (C'I +CYR) ýAfT 
and, by (ii) 
(5.1) 
VI - VR ý VT (5.2) 
Now, in general, stress (a) is related to density (p), sound speed (C) 
and particle speed (V) by 
106 
then frcm (5.2): 
Frcm (5.1) and (5.2a): 
2A-i P2C2 
T A2p2C2 + AlplCl 
CTR ý-- 
a= pcv 
01 OR 
- 
OT 
1cl P 1cl P 2C2 
(5.2a) 
ai (5.3) 
A2P2C2 - AlPlCl 
A2P2C2 + AP, Cl 
cri (5.4) 
pC is often referred to as the mechanical inlDedance, 
5.2.3 NUtiple Reflections in an SHPB Specimen 
The above theory can be readily applied to the situation of a sample 
sandwiched between the incident and transmitter bars in the SHPB 
system (Figure 5.2) where: 
PB = density of bars CB sound velocity in bars 
pS = density of sample cý sound velocity in sample 
dB = diameter of bar length of sarrple 
cIS = diameter of sairple 
Hence the cross-sectional area of the bars and saiTples are given by: 
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AB = ircý3/4 and AS = TidS/d respectively (5.5) 
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FIG5.3 Reflection and transmission of stress from face NN of an SHPB 
Sample at time, T=0. 
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FIG5.4 Reflection and transmission of stress from faces 
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00 and NN of an SHPB sample at time, T= L/Cs 
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FIG5.5 Reflection and transmission of stress in a SHPB sample 
at time, T- 2L/C2 
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The mechanical impedances of the bars and sample are given by: 
ZB =P BCB and ZS = pSCS respectively (5.6) 
Now consider an elastic stress wave incident on the first bar-sample 
interface NN. It is convenient to allow the first reflection frcK, 
this interface to occur at time, T=0 (Figure 5.3), where 
cýjo = incident stress 
a T1 = stress transmitted into sample 
cFRIO = reflected stress 
if the incident stress wave has a finite duration, then the stress, 
a,, may be time dependent. 
Using equations (5.3), (5.4) and (5.6) above we obtain: 
cr 
ASZS - ABZB 
R 
10 
'ý ASZS + 'ABZB 
I 
cril 0 
(the subscript 101 refers to T= 
and the stress transmitted to the sarrple: 
cr Tl -ý 
2AnZs 
ASZS + ABZB ai 
I 
(5.7) 
(5.8) 
It is important to note at this stage that if aI10 is compressive 
stress (+ve) then according to (5.8), d Tl will also be compressive 
(+ve) - However, from (5.7) it can be seen that aR10 may be 
compressive (+ve) or tensile (-ve) depending on the mechanical 
impedance, ZS, of the sample and its cross-sectional area AS. For 
most tests performed on a SHPB system ABZB > ASZS so that the 
reflected waves tend to be tensile (-ve). 
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After time T= L/CS the transmitted stress wave from NN will have 
reached the second bar-sample interface 00 where further reflection 
and transmission will occur (Figure 5.4). Typically LCS =1 lis when 
the sample is a5 mm long steel cylinder. In Figure 5.4, a, I ljc R11 
and aTjl represent the stress intensities of the incident, reflected 
and transmitted stress waves after one traverse time (1 x L/CS); 
hence the subscript '1'- aRl is the reflected stress from 00. 
Applyirxj equations (5.3) - (5.6) again yields: 
CT 
ASZS - ABZB 
R11 A. SZS + ABZB 
L 
2ASZB 
Tj ASZS + Jý3% 
which is the same equaticn as (5.7) but L/CS later in time. 
Also 
i. e. 
a Til = 
The caTrponent, crRll 
a Rl "2 
ail 1 (5.9 
aTl 
2ASZB 
x 
2ABZS 
ASZS + A13ZB ASZS + ABZB 
reflected fran 00 at time T= L/Cs is given 
(5.10) 
by: 
IIFqI 
ABZB - ASZS x 
2ABZS 
aIlo ASZS + ABZB ASZS + ABZB 
IL 
It is worth noting here that according to equation (5.10) aT 
11 
will 
have the same sign as aIjO (+ve for a compressive wave). On the other 
hand, '7 R1 may be tensile or compressive depending on whether ASZS > 
ABZB; comparing equations (5.9) and (5.11) it is easy to see that aRl 
will be of opposite sign to that of GR11* 
1 C-9 
After time T= 2L/CS this reflected wave will reach the interface NN 
where again reflection and transmission will occur (Figure 5.5). 
The transmitted ccmponent of crRl incident on NN, aT2 has the opposite 
sign to that of aR11, so that cFR12 'ý aRll* In general for further 
reflections within the sample, it can be shown that at time T= nL/CS 
where n is the number of reflections made by the wave. 
URI n '( CFRIn-1 
This means that the reflected stress wave tends to zero with time. 
Accordingly it is found that 
aTin -ý' aIln 
as n beccmes larger. 
After T= 2L/CS, reflection and transmission will occur at both 
interfaces NN and 00 for the whole duration of the incident stress 
pulse and for some time afterwards. Theoretir-ally an infinite number 
of stress reflections will be created, although their intensities will 
become negligible after several traverses of the sample. 
The reflection/transmission analysis of Figuies 5.3 to 5.5 may be 
continued ad infinitum. The equations are simplified if one considers 
a normalised 'step' function incident stress wave (of value unity) of 
the form shown in Figure 5.6. 
For convenience, if the incident wave is allowed to start at T=0 
then a, In ""' 0 for n<0 and aI 
in 
'`1 for n>0. (Negative n and T are 
not considered here but refer to time BEFORE the incident pulse). 
Using this incident stress wave as a basic starting point, it is 
1 
0 
XT 
01=1 
T=O 
FIG5.6 Normalised (value unity) 'step' function 
incident stress wave. 
a1=1 I 
00 
T=T2 T=O 
+T 
FIG5.8 Ramp incident stress wave having a risetime 
of T2. 
IIc 
possible to generate an infinite series of terms for the reflected and 
transmitted waves from the sample. 
Table 5.1 shows the first eight terms in such a series frcm which a 
general pattern may be deduced. 
The transmissiaL coefficients are: 
11 - 
2ABZS 
X=ý 
X= 
2ASZB 
ASZS + ABZB 
ASZS + ABZB 
(5.12) 
(5.13) 
and the reflection coefficient is 
ASZS - ABZB (5.14) 
ASZS + ABZB 
Table 5.1 demonstrates sane important fea-Wres. The transmitted wave 
starts L/CS after the reflected wave since it takes this amcxmt of 
time for the transmitted part of the incident stress wave to reach the 
second interface 00 from NN. 
Also it should be noticed that for the step impact, both the reflected 
and transmitted wave intensities change abruptly at 2L/CS intervals, 
rather than changing smoothly throughout time. It is true that for a 
more realistic incident stress wave, having a finite gradual rise in 
stress intensity to some maximLun value, the resulting reflected, OR 
and transmitted, GT stress waves would have a more continuous change 
in intensity with time. However, there would still be marked changes 
in the slopes of OR and OT versus time at regular 2L/CS intervals. 
This 'Jumpy' nature of the build-up of aT and decline of OR is made 
more apparent in the graphs of the results Section 5.4. 
ill 
TABLE 5.1 
This shows the first eight stress terms of the ref lected and 
transmitted waves in the bars generated by a unit step, function 
stress wave incident on a Hopkinson bar sample. 
Time 
T0 
TL 
CS 
T 2L 
CS 
T 3L 
T 4L 
CS 
T 5L 
CS 
T 6L Cý 
T 7L C5 
Reflected Wave 
aRl 0p 
(YRI 1P 
(7R 12 P(l 
CY RI 3 P(l 
" RI 4 P(l 
" Rl 5 P(l 
" Rl 6= P(l 
" RI 7= P11 
- xy) 
- xy) 
- xy(l 
- XY(i 
- xy(i 
- xy[l 
p2)) 
+p2)) 
" p2 + p4 
" p2 + p4 
Transmitted Wave 
a Tj o0 
cr Tj 1 Xy 
UTI 2 X7 
aT13 XY(l + p2) 
OT14 XY(l +p 
2) 
OTI 5 Xy(l + p2 + p4) 
aT16 XY(l +p2+ ip4) 
a T17 XY(l + P2 + P4 p6 ) 
From Table 5.1 it may be deduced that the general expressions for crRIn 
and aTin are: 
for n odd; 
for n even; 
for all n; 
OTIn OTIn-2 + Xyp(n-l) 
CIT 
n c7T 
I 
n-1 
C7R n P11 - OTIn-1) 
(5.15) 
(5.16) 
(5.17) 
Equations (5.15) - (5.17). above have been incorporated in an initial 
program which calculates and plots the rise of the transmitted and 
fall of the reflected wave, for different mechanical impedances ZS, ZB 
and cross-sectional areas AS, AB* A second program was then written, 
C_a, 
oa C 
"PARAS" 
Do you want to yo 
plot out Y-axis? 
0 up 
'YAXIS" 
*CONS-) 
"XAXIS' 
/ 
Ii sh onsidei C: 
a ste pi 
tnop 
uct ? 
uw 
STEPY 
'PAW34" 
4 
LEND] 
FIG5.7 Flow diagram of the program. Rectangular boxes represent sub-programs. "CONS" is a data file. 
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based on the first but modified so that the incident pulse could start 
with a finite linear rise time (> 2P s), followed by a constant unit 
stress rather than an instantaneous rise from zero to unit stress. The 
fundamental equations used in this second program are similar to those 
derived above but have been adjusted to accommodate the added 
complication that a, changes linearly with time during the first part 
of the stress wave. The next section describes the workings of both 
programs- 
5.3 THE PROGRAM 
The program was written and run on a BBC Model B microcomputer 
upgraded via a second processor to have more versatility and more 
available RAM. The computer was linked to a 'linear graphics' plotter 
which was accompanied by its own control software which had to be 
incorporated within the main plotting programs. 
Figure 5.7 is a flow diagram of the main program, which is subdivided 
into five smaller programs (rectangular boxes) each one having its own 
particular task. 
'CONS' is a data file which is created to store bar and sample 
parameters, ABO, AS, ZBI ZS, L and the transmission reflection 
coefficients X, Y and P. 'PARASI is a program which allows the 
program operator to enter the crucial bar and sample parameters after 
which they are transferred to the data file 'CONS'. 
'YAXISI, as implied by the name, plots out the y-axis and similarly 
IXAXIS' draws the x-axis. ISTEPYI calculates the reflected and 
transmitted waves for a step input and IPAW341 does the same for a 
ramp input. 
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initially the software was written as one continuous program, but it 
was found that the BBC would often run out of memory whilst running 
the program. Thus it was necessary to break it down into five smaller 
programs which loaded each other in succession. The program listings 
are given in the appendices. The five are discussed in turn below. 
5.3.1 Program 1: IPARASI 
This is the first program loaded in the chain of five. It allows the 
program operator to input the important plWsical parameters for the 
Hopkinson bar and sample, which appear in the first colum of Table 
5.2. The table gives figures for PS and CS for the materials 
considered in this Chapter. 
TABLE 5.2: PARAMETERS ENTERED FROM KEýý 
ul a) 
Diameter of bars, dB (mm) 12.7 12.7 
Diameter of sample, dS (mm) 10 10 10 10 
Density of bars, E13 (gcnC3) 8.05 7.80 
Density of sample, ZS (gcm73) 2.70 8.93 7.50 0.95 
Velocity of sound in bars, 4818 5240 
CB (MS 1 
Velocity of sound in sample, 6374 4759 5164 1600 
CS (MS-1 
Length of sample, L(mm) 5555 
Throughout all the program runs, Lwas fixed at 5 mm since this is the 
length of nearly all Loughborough SHPB sarrples. 
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From these the program ocmputes the values of t (sample traverse time 
= L/CS), ZB, ZS, AS, Y, X, P and together with L, places then in a 
data file 'CONS' which is then used subsequently by the other 
programs. Thus the multiple reflection scenario may be investigated 
for a whole variety of materials. 
5.3.2 Program 2: IYAXISI 
As implied by its name, this program plots out the y-axis for each 
stress intensity versus time plot. On nearly all the plots produced 
by the program so far the y-axis is simply a numbered linear scale 
covering the range 0-1"l. 
5.3.3 Program 3: IXAXISI 
This program, when run, plots out a linear x-axis which represents 
time. Marks are made along this axis'at intervals of t (sample 
traverse time) and the total length of the axis is printed as a 
multiple number of t just above the far right-hand side of the axis. 
The length of the x-axis plotted in terms of time may be chosen by the 
program operator or, if not, is autýrmtically selected by the ccmputer 
as the time taken for OR or aT to reach a steady value. 
5.3.4 Program 4: ISTEPY' 
This program actually calculates the stress cýt and cYT Of the reflected 
and transmitted stress waves for a 'step' input stress wave, i. e. CIIn 
1 for n>0 using equations 5.15 to 5.17 developed in Section 5.2. 
The stress values are calculated at each interval of t (= L/CS) and 
the results may be printed out in the form of a table or plotted as 
stress versus time graphs. 
The program has been written in such a way that the operator may 
choose to plot out the following as a functicn of time: 
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a) transmitted wave only 
b) reflected wave only 
c) both 
CF 
ci) tne rti. o aR+aT 
of course, any number of curves may be plotted on the same axes. 
The calculations within the program are iterative and are stopped once 
aT>0.999 to avoid needlessly wasting computer time. 
5.3.5 Program 5: IPAW341 
The title of this, the most significant of the five programs, may seem 
a little odd; it is derived frcm 'Pulse drAWI and the program itself 
is the thirty-fourth revised version. 
IPAW341 is similar in structure to ISTEPYI; again aTIaR and 
a TI(aj+ OR) may be plotted against time. The main difference 
between 
the two programs is that with I PAW341 the operator is able to enter a 
rise time (T2) for the incident stress wave. Thus, instead of being a 
step input the incident stress wave has the more realistic form skx= 
in Figure 5.8. 
The program accepts any value of T2 >2 'ps. Typically, in the 
Loughborough SHPB system pulses incident on the sample have rise times 
of about 5 to 10 11 s. As expected, the changes in reflected and 
transmitted waves are more continuous with a ramp input than with a 
step input. The program divides the waves into points at (T21500) 
intervals in time. Thus the time resolution T4 can be defined by: 
T4 = 
T2 
500 (5.18) 
The number of points N occurring in me traverse time of a wave in the 
SHPB sample is given by: 
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N= To 
T4 
(5.19) 
where TO is the ocmputer notatim for the traverse time t (= L/CS). 
Thus, as the program calculates values of the points of the reflected 
and transmitted waves, a charxje in slope of the stress is seen to 
occur at every 2Nth point. 
The equations which describe the charxje in stress intensity of the 
reflected and transmitted waves for a ramp input pulse are modified 
form of (5.15) to (5.17). 
Let 
INT (x1N) (5.20) 
where q is the largest integer smaller than x1N. 
Then for q even: 
for q odd: 
aTIX ý" aTlx-2N + xypq * 'Il X-qN 
CrTlx = CrTlx-2N + Xyp(q-1). 
and for all x and q: aRl x=P 
[ajlx - crTlx-N] (5.23) 
The subscript x refers to each point of the wave which is separated in 
time from each neighbouring point by T4. All the equations above are 
used in IPAW341 to calculate the stresses for the reflected and 
transmitted waves. Since the analysis is performed point by point, 
there are N times the number of calculations involved in IPAW34' than 
in 'STEFYI. For some plots of aT and aR with an incident wave having 
a2 ij s rise time values Of aTI x and crRI x have been calculated up to x 
= 15,000 which takes about 10 minutes! 
(5.21) 
CrIl [x-(q-l)NI (5.22) 
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Values of cT Ix and cr RIx are plotted as soon as they have been 
calculated so that it is not necessary for the computer to store vast 
quantities of data. 
The program continues to ccmpute values Of crT and aR after the initial 
rise time T2 of the incident wave, GI, and ceases calculations once CT 
> 0.999. The input wave, 0 1, has a initial linear rise from zero to 
one in time T2 after which it maintains a constant value of unity as 
depicted in Figure 5.8. Hence a, can be expressed mathematically 
as: 
for 0<x< 500 
for x> 500 
IIX =x 555 
a IIX =1 
(5.24) 
(5.25) 
and these equations are used in conjunction with equations (5.20) to 
(5.22) in the 'PAW341 program. 
5.4 GRAPHICAL RESULTS 
The program may be used to produce any number of stress versus time 
curves for different AS, ZS values of the sample. It is the initial 
rise time of the transmitted and fall time of the reflected wave which 
is of interest, i. e. in most cases the first 10 to 30 us. Below is a 
summary of the graphical results possible. 
For a step input: 
a) Transmitted and reflected rises with ZB, ZS constant, AB/AS 
variable; 
b) Transmitted and reflected rises with AS/AS constant, ZS 
variable; 
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C) Transmitted and reflected rises with both AB/AS and ZS/ZB 
variable; 
d) A plot of aT/(aI+aR) against time for the conditions outlined 
in a, b and c. The significance of this ratio will be 
realised in the next section. 
2. For a ramp input: 
e) plots a, b, c and d for incident pulses having a variety of 
rise times. 
5.5 DISCUSSION OF MAIN FEATURES OF THE COMPUrED GRAPHS 
The trend for all the computed results is for the transmitted stress 
wave to tend to '11 and for the reflected wave to vanish to zero. The 
amount of time this takes clearly depends on the cross-secticnal area 
and the mechanical impedance of the sample and bars. 
5.5.1 ResuJLts for Step input Wave 
In all the graphs plotted for a step wave input the x-axis is labelled 
in units of t (i. e. the traverse time through the sample) which means 
that all the graphs apply to a S&rple having any fixed length L. 
Figure 5.9 shows reflected and transmitted waves in the bars generated 
by a 'step' input stress wave incident on. a. SHPB sample, whose 
diameter is me third the diameter of the bars themselves (AB/As) =9 
and ZS =ZB, For the conditions given which represent a considerable 
mismatch between the bars and the sample, it takes about 12 traverses 
for the transmitted wave to reach 95%- of its maximum value. 
Figure 5.10 shows the build up in the transmitted stress for a range 
of ABAS ratios (ZS = ZB). Figure 5.11 shows the reflected wave over 
the same range. Clearly, the smaller the mismatch between bar and 
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sample areas, the shorter the rise and fall times of the transmitted 
and reflected waves respectively. At the limit when AB/AS = 1, there 
is no reflected wave and all of the incident step wave is transmitted 
through the sample. 
Figure 5.12 displays the ratio of 
c'T 
cYI + aR 
versus time for three values of AB/AS. This ratio eventually tends to 
Ill as cFT -ý' c7I ='- 1. Referring again to Figure 5.2, aI +cFR's the 
total stress on the first bar face NN while OT is the stress on the 
second bar face 00,1 so that the ratio 
OT 
aI+ CF R 
at any time is an indication of the stress difference between the two 
faces. Hence the plot of Figure 5.12 shows the time for stress 
equilibrium to occur within the sample after the 'step' stress wave is 
incident. Logically, stress equilibrium occurs fastest when the 
difference between AB and As is small. 
Figure 5.13 is another plot of 
a 
+ 
against time for various sample materials. AB/AS in this figure has a 
value of 1.6 since this is the ratio of bar to sample area normally 
used in the Loughborough system. t on the x-axis equals 1.0511s which 
represents the traverse time for copper in a5 mm thick sample. 
Since CS is different for each one, so too is the traverse time for 
stress waves in the sample, and this determines the real time for 
stress equilibrium to be reached. The ocmbination of low wave speed 
(1600 ms-1) and relatively low density (0.95 gcm-3) of HDPE means that 
a considerable amount of time elapses before the stress on each face 
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of an SHPB sample of that material balance. In the case of aluminium. 
stress equilibrium is attained within 1% after 5 or 6 ps or about 5 or 
6 traverses of stress waves across the sample, whereas for the copper 
and 224 carbcn steel, equilibrium 
CT 
- 0.99] 
CYI + OR 
is achieved after about 3 ps. 
5.5.2 Results for Incident Waves Having Various Rise Times 
Figures 5.14 to 5.16 are comparisons of the rise in the transmitted 
stress for a variety of rise times of the incident stress waves for 
three different %/AS ratios, AB/AS = 1.6 being the ratio in the 
Loughborough system when 10 x5 mm samples are used. 
Figure 5.17 gives the shape of traromitted and reflected stresses 
Produced for an incident wave having a rise time of 10 p s, AB/AS =9 
and ZB = ZS. The reflected stress intensity curve shows a nice build 
up to a maxirmn when aj reaches its maxilmn after 10 Ps and then a 
gradual exponential type decay to zero thereafter. 
Figure 5.18 shows the curves of 
Cr 
01 + C7R 
versus time for three different rise times of the incident wave (AB/AS 
=9 and ZB = ZS) - All three curves are identical for the first two 
microseconds and the curves for incident rise times of 5 ýS and 10 Vs 
separate only after 5 -Vs. All three curves reach a maximLzn value for 
aT 
CFI + OR 
which is slightly greater than '11 at lt after their corresponding 
rise times, i. e. at 3 ps, 6s and 1 S. 
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Locoking at Figure 5.18, it would seem that stress equilibriun occurs 
more rapidly for the shorter rise time incident waves. However, if one 
considers Figure 5.12 again for a step input, one soon realises that 
this can only be true up to a point, since for the instantaneous step 
rise in ai, the ratio 
T 
CYI +aR 
overshoots the equilibrium value of 1 by a considerable amount. 
'Overshooting' begins to have a detrimental effect when the rise time 
of the incident wave is less than the traverse time (i. e. < lps). 
Figure 5.19 displays 
a 
CrI + aR 
versus time for a range of AB/AS values (ZB = ZS and rise time = 
10 i1s). The ratio tends to be closer to Ill during the rise time of 
the incident pulse for the larger AB/AS values. Although at first 
this seems surprising, it can be explained by the fact that the 
greater the mismatch in cross-sectional area between the bar and 
sample the larger the reflected stress, aR* This is seen in Figure 
5.11. Since aR is tensile (-ve) the total compressive stress 
on the first face is made smaller and hence the ratio 
OT 
GI CR 
CF I+a 
is larger for increasing area mismatch. When AB = AS (100% 
transmission/no reflection) the curve is determined by the delay time 
t between OT and a,, i. e. the transmitted wave lags the incident wave 
by one traverse time, about 1 ps. Figure 5.19, then, reveals an 
unsuspected advantage of using samples of small cross-sectional area 
in that they should reach stress equilibrium faster. 
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Figure 5.2.0 is the OT/(OI+C'R) ratio plotted for four materials. For 
the metals aluminium, copper and 224 carbon steel, total (100%) stress 
equilibrium is achieved after about 12 11s, which is reasonable when 
ccmpared to the 10 ils rise time of the incident pulse. Even after only 
3 lis after the arrival of the incident wave about 80% stress 
equilibrium is achieved in 224 steel while at the same point in time 
stress equilibrium in aluminium is better than 90%. 
Figure 5.2.0 should be compared with Figure 5.13 which illustrates the 
time taken for equilibrium to build up in samples of the same group of 
materials when a 'step' wave is incident. The main difference between 
the two graphs is the marked decrease in I overshoot' (i. e. the ratio 
OT/(aI+OR) being greater than one) when a ramp input pulse is incident. 
In Figure 5.20 none of the curves for the metals rises above 1 unlike 
the corresponding curves in Figure 5.13. 
The reduction in 'Overshoot' is especially demonstrated by the two 
curves for an HDPE specimen. On the basis of the step input analysis 
of Figure 5.13 one might conclude that the Loughborough SHPB method is 
not valid for a specimen of such material since the stress on the 
transmitter face of the specimen rises to nearly double that on the 
incident face. Furthermore it takes a considerable amount of time 
before stress equilibrium is approached. However from the HDPE curve 
in Figure 5.20 which has been calculated for an incident wave having a 
10 Vs rise tisne and thus more closely resembles a real incident wave 
in the SHPB system, it is seen that about 95% stress equilibrium is 
reached after only 6 vs. Admittedly, beyond this point the stress 
equilibrium ratio c7TI(c7I+aR) does oscillate slightly about unity but 
the disparity from true stress equilibrium remains less than 20%. 
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The HDPE curve in Figure 5.20 indicates that the Loughborough SHPB 
method may be valid for such a material. This is an enlightening 
observation since it means that the method can work for materials 
whose mechanical impedances, Zsj, do not match that of the bars, Zb, 
since the large reflected component of the incident wave which is 
produced in such a case helps to establish an overall stress 
equilibrium across the sample more rapidly. 
Figure 5.21 is the curve for 224 steel taken ficit Figure 5.20 but 
plotted for the two types of Hopkinson bar steels (maraging and 431) 
used in the Loughborough system. Clearly, there is little difference 
between them and so it may be safely assumed that the type of steel 
bars used will have a negligible effect on the incident, reflected and 
transmitted wave shapes. 
5.6 SUMMARY 
A computer program has been developed which predicts the profiles of 
the transmitted and reflected waves created when a flat-topped stress 
wave of known rise time is incident on a5 mm thick SHPB sample. The 
program indicates the time taken for stress equilibrium to occur in a 
sample, i. e. when the stress on the first face of the sample equals 
that on the second for a given set of bar, and sample parameters. For 
ex&nple, in the case of a 224 carbon steel sample sandwiched between 
two maraging steel Hopkinson bars we should expect complete 
equilibrium to occur within three or four microseconds after the 
initial rise time of the incident pulse (Figures 5.13 and 5.20). Even 
after only 2 ps (or 2 traverse times) the equilibrium is about ga% 
when a ramp input wave is incident. From these figures the 
Loughborough SHPB method would seem to be valid. 
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consideration of the time it takes to achieve equilibrium is highly 
pertinent to SHPB testing, since the theory assumes it is achieved 
instantaneously. Thus the results of the program may be able to 
explain any observed differences in the rate of build up of the 
transmitted and reflected stress pulses. 
In the standard SHPB theory the transmitted stress, OV is regarded as 
being proportional to the actual specimen stress. Clearly this cannot 
be true before stress equilibrium has been achieved. Perhaps a more 
realistic measure of the specimen stress in the first few microseconds 
after the arrival of the incident. wave at the specimen is the mean of 
the stress on the left hand (al+aR) and right hand 0 T) faces of the 
specimen. With this point in mind it is interesting to note that in 
the current investigation the elastic modulus of the 224 steel is 
determined by the computer analysis was always less than the actual 
modulus of 200 GPa. It is very likely that this miscalculation of the 
initial modulus is due to the non-equilibrium conditions which prevail 
during the first few mi cro seconds. 
The program has been based entirely on a 10 x5m specimen size since 
only this size of specimen had been used in the Loughborough system at 
the time the program was developed. Since then the use of smaller 8x 
4 mm samples has proved beneficial in producing higher strain rates 
and greater final strains in SHPB tests. The findings of this chapter 
suggest that these 8x4 mm. specimens should achieve equilibrium more 
quickly than the 10 x5 mm, specimens when a stress wave of finite rise 
time is incident because of the smaller cross-sectional area and the 
shorter traverse time for waves through the smaller specimens. 
The program described above has only dealt with the case of elastic 
waves. At some point of course the specimen will become plastic with 
the result that the stress wave velocity in the specimen, Cs and hence 
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its mechanical impedance, Zs will be reduced. In the case of most 
metals, the lowest Cs will fall will be to the bulk wave speed roughly 
a third of the elastic wave speed and hence Zs# too, will fall to 
about 33% of its elastic value at most. The net effect of this onset 
of plasticity will most likely be a prolongation of the time for 
stress equilibrium to occur due to the increased traverse time of 
stress waves through the specimen. However for strong metals such as 
224 steel a high degree of equilibrium should already exist by the 
time the incident stress is large enough to produce plastic 
deformation. 
For non-metals such as HDPE the picture. of how stress equilibrium is 
affected when plastic flow ccmmences is less clear to see without 
modifying the program to accommodate changes in Cs and Zs. Any 
shortening of the time to equilibrium due to a lower Zs (and thus 
greater mismatch between bars and sample) will be offset by the 
increased traverse time to to a lower Cs- 
Many of the aspects considered in this chapter are highly pertinent to 
the current Loughborough SHPB method since choosing the point In time 
at which to start canparing the reflected (a R) and transmitted (cr T) is 
critical. As has been implied by the program, the largest 
experimental errors in the calculation of true stress and strain occur 
in the first few microseconds of the test. 
In setting the incident and transmitter strain gauges to be 
equidistant from the specimen (Figure 4.3) takes no account of the 
delay in the arrival of the stress wave at the transmitter strain 
gauges due to the traverse time in the sample. In the case of a type 
224 carbon steel sample this tine is only lvl Ps and so is unlikely to 
produce a large error. However in non-metallic materials this 
traverse time cannot be neglected and will have a significant bearing 
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on the interpretation of the incident and transmitted stress waves as 
will any non-equilibrium effects. The program described above could 
prove helpful in deciding the appropriate point at which the 
transmitted stress may be compared with the reflected stress for a 
valid computation of true stress versus strain and true strain or 
stress versus time. 
Three of the main conclusions fran this work may be sunnarised as: 
a) Stress equilibrium in a sample occurs more rapidly when a ramped 
input wave is incident than when a step input wave is. 
b) Equilibrium conditions are achieved more quickly the shorter the 
rise time of the incident wave as long as it is not shorter than a 
single traverse time. 
C) Stress equilibrium can be attained in a shorter time when smaller 
specimens are used. 
Only the first of these (a) was suspected before the writing of the 
program described here. 
In the future this program may be used to design a suitable pulse 
shape for incident stress pulses arriving at the sample in order to 
control the strain rate. At the moment the typical rise times of 
incident pulses in the Loughborough SBPB system are between 5 and 10 
ps, since the impact between the projectile and the first bar is never 
instantaneous but lasts for a finite time and also because of wave 
dispersion effects as the incident wave travels along the bar. Pulses 
may be given still longer rise times (leading to lower strain rates 
within the sample) by placing a dunry metal sample in an extra split 
in the Hopkinson bar before the actual sample under test. The program 
could be useful in predicting the likely profiles of pulses shaped in 
this way (Ellwood, 1983). 
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CHAPTM 6 
QUASISTATIC TENSILE TESM 
6.1 INTRODUCTION 
In order to ocmpare tensile and compressive properties, dynamic and 
quasistatic tensile testing was carried out on 24 tensile test pieces 
fabricated in the workshop of the University's Manufacturing 
Engineering Department. They were made according to the 
specifications detailed in Figure 6.1, a design recommended 
specifically for dynamic testing by JCR, Ispra (Italy) and AWRE 
(Foulness). 
Preliminary tensile SHPB tests (to be described in Section 6.2) on 
some of these specimens revealed that the strains measured by strain 
gauges mounted on the sample tended to be greater than those 
calculated by the usual SHPB analysis programme. This suggested that 
the sample gauge length might be smaller than the assumed value of 8.3 
mm based on the work of Ellwood (1983) and Walker (1987), and so a 
detailed investigation into the "effective gauge length", Z9 was 
undertaken at quasistatic strain rates (; = 10-3s-1 and 0.04s-1) using 
the Instron machine described in Section 3.3 previously. 
6.2 GAUGE LENGTH, 19 
Figure 6.2 is a clearer representation of the tensile specimens used 
in the experiments. It can be seen that the central parallel region of 
3 mm diameter is only 5 mm long adjoined on either side by 4 rnm long 
tapered sections which give a gradual transition in diameter from 3 mm 
to the 5 rm diameter of the threaded ends. This gradual change in 
cross-section prevents any localised concentrations of stress from 
building up during testing. 
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The length of specimen between the grips of the Instron machine, and 
between the bars in the dynamic SHPB tests, is 16 mm. Obviously 
during a test the total change in length of the sarrple A x, from the 
original 16 mm, will be the sun of the change in length At m of the 
middle 5 mm, plus the smaller change in length of the tapered ends 
AI.. The main point of interest is the strain, c mr in the middle 
section. 
The specimen gauge length, 9.9 is defined by equation 6.1 below: 
= 
Ax 
m ig 
i. Ax 
-M 
(6.1) 
or = 
lke 
+ 
Akm 
kg EM CM 
(6.2) 
Ideally Z9 should remain constant with increasing strain in the sarrple 
and this may be assuTed to be true if the contribution fromUe is 
small. For this reason, British Standard No 18 'Tensile Testing of 
Metals' (British Standards Institute, 1987) recommends that the gauge 
length of a specimen should be made to satisfy 
5.65 /So (6.3) 
where So is the cross-sectional area of the mid-section. 
It also reocnyrends that the parallel region of the s&rple should be 
longer than z9 so that lend effects' are negligible. 
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Such design criteria are most suitable for specimens tested at 
quasistatic strain rates since they allow valid comparison of results 
frcm test pieces of different sizes. However in dynamic tests, the 
long gauge length infer-red by equation 6.3 would not be suitable where 
stress wave dispersion effects can play a significant role. According 
to this British Standards specification (equation 6.3) a circular 
cross-section sample of diameter 3 mm would require a gauge length of 
15 mm while for a5 mm diameter, k 9 would have to be 25 mm. 
All previous work in the Physics Department, Loughborough University 
on tensile sarples of copper (Walker, 1987) and stainless steel (304, 
316,321 and 325) (Ellwood, 1983) has indicated a gauge length of 8.3 
mm for a specimen of dimensions depicted in Figures 6.1 and 6.2, and 
this value has been used in the SHPB analysis to date. Both workers 
found no significant change in z9 with increasing strain but few of 
their measurements proceeded beyond a strain of 10%. Ellwood, 
however, did observe that the "overall trend is for effective gauge 
length to decrease with increasing strain". 
For the case of 224 carbon manganese steel (the present material under 
investigation), which is stronger than the copper and the stainless 
steel tested in earlier work, and which shows a definite yield point 
unlike the latter two, one might expect this trend to be enhanced. A 
probable explanation for this trend is that up to the yield point the 
elastic contribution from the tapered ends makes a substantial 
contribution to the overall length increase of the sample; this is in 
addition to the elastic elongation produced in the central 5 mm 
parallel region. However, immediately after yielding, a progressively 
greater proportion of the elongation is due to the central region 
since the plastic modulus here is so much lower than the elastic 
modulus which still applies to most of the end section. Thereafter, as 
the strain increases, the plastic modulus (proportional to 11) ac 
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decreases thereby further enhancing the ef fect. As a result, the 
effective gauge length, zg,, decreases with increasing strain even 
though the length of plastically deformed material in the centre 
section increases as the material work hardens and the stress 
increases. 
Experimental verification and quantification of the dynamic gauge 
length tg,, is given in the following sections. 
6.3 QUASISTATIC TENSILE TESTING ARRANGEMENT 
The quasistatic tensile tests required a modification of the Instron 
1026 test machine used for scme of the ocapression tests. The general 
arrangement is shown in Figure 6.3 frcm which it can be seen that the 
specimens were screwed at each end into 1/2" diameter cylindrical 
adaptors or 'grips' of 431 stainless steel. These were attached to the 
machine by two fixing pins, the top one being coupled to a universal 
joint which enabled correct alignment of the two ends of the specimen 
thereby ensuring uniform uniaxial stress throughout the test. 
Two extension rates were used, 0.5 mm per minute and 20 rryn per minute, 
and all tests were carried out at room temperature. 
6.4 mpCHiNE compLiANcE 
Unlike the compression tests, in tensile testing, it is not possible 
to take into account machine conpliance by ccmparing Instron records 
from runs carried out with and without a sample. To assess the 
compliance of the machine plus grips it was necessary to introduce a 
dunTiy sample of known elastic properties. Type 431 stainless steel 
was chosen as the high strength material for this purpose. 
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The elastic modulus of 431 steel has been measured as 211 GPa by 
Ellwood (1983) from the observation of resonances of longitudinal 
waves in a lm length bar of 431 and by measurement of the density and 
pulse propagation velocity in 431 steel. The author's own 
investigations, using the same methods, confirmed this figure of 211 
GPa and so it was used in the calculation of elastic displacement of 
the dLzmy specimens. 
Two 431 specimen types (a) and (b) were used; these are shom in 
Figure 6.4. Type (a) which consisted of a uniform cross-section of 5 
mm diameter was tested entirely elastically. Type (b) was of dogbone 
design (only two of which were made) and was tested to fracture. 
originally, type (b) was manufactured merely to provide practice 
samples for the actual 224 carbon steel tests, but in the end yielded 
a considerable amount of useful information about the testing 
procedure. 
Figure 6.5 shows the load versus displacement curve for a 431 dogbcne 
sample plus machine tested at 0.5 mm, per minute. The record is drawn 
up to only 500 kg (producing a stress of approximately 700 IýTa in the 
mid-section) since this represents the linearly prcporticnal limit for 
this steel., Also plotted on the same graph is a straight line of 
gradient, 13.8 kg/pm, passing through the origin. This represents the 
elastic elongation produced in the 16 mm loryj sample alone, calculated 
fran the sum of the elastic strain in the 8 mm mid-section assumed to 
be uniform in cross-section and that in the 8 mm. total length of end 
sections, assuming an elastic modulus of 211 GPa. 
By subtracting this line from the load versus displacement curve for 
the machine and grips plus sample, it was possible to deduce the 
ccmpliance for the machine and grips only as is also shown on the 
graph. The second sample was used to repeat the measurements at the 
0 Machine & grips & 431 sample (0.5mm miril) ,X 
*-I X Machine & grips alone(O. 5mmrn)(I 
0.4 0.5 
Displacement(mn)) 
FIG6.5 Instron tensile compliances using 431 dogbone sample 
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L--.! FIG6.6 Instron tensile compliances using uniform 5mm sample 
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maxim= Instron displacement rate; 20 mm per minute. The dashed line 
in Figure 6.5 shows the appropriate compliance curve at this rate. The 
sample used was of the dogbone type (Figure 6.4b) but in this case was 
fully screwed into the grips so that only the central 8 mm length of 3 
mm diameter section was tested. The elastic component for this 
specimen gecmetry was subtracted as before. 
The same process was repeated for the uniform 5 mm diameter 'dummy' 
samples (type (a), Figure 6.4) at both rates: 0.5 rm and 20 mm. per 
minute. The resultant curves A and B for the ocmpliance of the machine 
plus grips were found to agree exactly with those produced from the 
dogbone tests and are drawn in Figure 6.6. Again the machine was 
observed to be softer at the higher speed of 20 mm per minute. Since 
the continuous diameter samples could withstand much higher forces 
(>800 kg) without plastically deforming, they produced compliance 
curves to higher loads which could be appropriately applied to the 
dogbone curves beyond the elastic limit to obtain true stress versus 
strain graphs for the 431 steel. These are discussed in Section 6.1.6. 
6.5 ME'JMDS OF MEASLUUNG DYNAMIC STRAIN AND GAUGE LENG'm, I IN 224 9 
STEEL TENSILE TEST PIECES 
Had there been no variation in gauge length at different levels of 
strain, the strain in the central region of the-sample could have been 
obtained directly from the Instron record by simple division by the 
Previously assumed 8.3 mm gauge length after subtraction of the 
machine compliance (equation 6.1). However, since the gauge length 
was apparently not constant for the present tensile specimens an 
independent method of measuring strain in the sample was employed in 8 
out of 10 tensile tests performed at quasistatic rates. Four methods 
of strain determination were used and are described below. 
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a) Post-Yield Strain Gauge Technique 
This was probably the most accurate and reliable method of the four, 
for establishing the actual dynamic strain in the central region of 
the sample. A set of post-yield etched strain gauges (Sokki Kenkyujo, 
YFLA-Z) able to measure strains of up to 15%- were used. The active 
length of these gauges was only 2 rm which made them ideal for fixing 
on the parallel section of certain samples. The gauges were mounted 
diametrically opposite each other to eliminate the possibility of 
bending strains being recorded. 
A simple out-of-balance Wheatstone bridge circuit was constructed to 
monitor the change in resistance of the gauge pair (see Figure 6.7). 
The stabilised supply voltage of 18V produced a current of 38 mA 
through the strain gauges, which permitted a high sensitivity without 
any danger of overheating. A pre-calibration of the circuit was made 
by inserting a 0-10 K resistance box (resolution: 11 f2) in series with 
a strain gauge pair on arm AB of the bridge. AI zero I correction was 
made for the contact resistance of the box itself. The calibration 
curve is drawn in Figure 6. B. Calibration of the bridge by the 
introduction of a parallel resistance, Rc to the arm AB was less 
accurate. 
Up to about a strain of 51% the bridge output is virtually linear 
giving 95 mV per A strain. 
During the tensile tests in which the gauges and bridge were used, the 
out of balance output was fed to a JJ Instruments CR652S chart 
recorder. By synchronising the Instron chart record with the JJ 
recorder at the start of a test it was possible to ocmpare specimen 
displacement with specimen strain, and hence deduce the gauge length 
according to equation 6.1. The technique was employed at both machine 
speeds i. e. 0.5 mm per minute and 20 mm per minute. 
134 
b) 'Static' Scratch Mark Method 
Two specimens of type shown in Figure 6.2 were mounted so that the 
total length between their fixed ends was 17 rm as in the SHPB tests. 
They were tested at 0.5 mm per minute, two parallel scratch marks 
having been made 4 mm apart in the mid-section of each. The tests 
were terminated after two and four minutes respectively (i. e. 8.8% and 
31.8% engineering strain respectively, as determined by the change in 
distance between the scratch marks) and the permanent extension of the 
distance between the scratch marks was measured on a travelling 
microscope accurate to ±0.01 mm. The strain measured in this way was 
then ccnpared with the total sample elongation recorded by the Instron 
machine to give a value for 2.9* 
In the case of the two minute duration test the overall charxge' in 
length of the specimen between the grips was 0.49 mm whereas in the 
four minute test the length change was 1.75 mm as measured by a metal 
rule (accuracy ±0.25 mm). These distances agreed with the total sample 
displacement calculated frcm the crosshead speed multiplied by the 
test time recorded by the Instron minus the Instrcn ccmpliance. 
c) 'Dynamic' Scratch Mark Method 
On another sample a second pair of parallel marks were made in a 
similar manner to (b). This time, however, the distance between the 
marks was measured 'dynamically' throughout -the whole test until 
fracture. A travelling telescope (accuracy ± 0.01 mm) mounted at a 
distance of lm from the tensile test piece was used to measure this 
distance. It was necessary to stop the test periodically for about 15s 
whilst maintaining the load to allow each measurement to be taken. No 
creep was observed to occur during such stationary intervals. Thirteen 
measurements were made in this way throughout the time to fracture, 
which was roughly 7 minutes at a rate of 0.5 mm per minute. The 
increased amount of data acquired by this method compared to only the 
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siople measurement in method (b) was offset by a reduced accuracy in 
the length measurements themselves at small strains since the 
distances involved were smaller. 
d) Constant Volume Method 
In two tests, again at 0.5 mm per minute, the diameter of the tensile 
piece was measured by digital callipers (accuracy -- ± 0.01 m) at 30s 
intervals. As in the last method (c), this meant necessarily stopping 
the Instron machine for brief periods of no longer than 15s. The 
method for determining strain was founded on the assumption that for 
plastic deformation of the test piece the central region should 
maintain a ocnstant volume i. e. Poisscn's ratio should equal exactly 
0.5. Thus by measuring the radial strain, assuming the axial strain 
was exactly double, and ccmparing this last figure with the Instrcn 
displacement record, it was possible to estimate z g* This method was 
the least accurate of the four because at low strains the change in 
diameter was only just measurable and also since radial strain was 
half the longitudinal strain the error in measurement was double. 
6.6 PRELIMINARY RESULTS FROM 431 IDOGBoNE, TEST SAMPLES 
As mentioned earlier in Section 6.1.4 two Idogbonel shaped 431 
stainless steel test pieces (Figure 6-4b) were fabricated initially to 
check the correct operation of the Instron machine in tension (Figure 
6.3). On one of these samples a pair of post-yield strain gauges was 
nx=ted. This also enabled a preliminary assessment of the combined 
performance, of the Wheatstone bridge and chart recorder system to be 
made - The first test was carried out at a rate of 0.5 nn per minute. 
Figure 6.9 shows the engineering strain versus time curve (I) as 
recorded by the system. 
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At 4.15% strain the bonding between the gauges and the sample failed 
and further strain values were no longer sensible. Up to 48s the 
strain increased linearly with time, and the measured strain values, 
when compared with their corresponding stress values from the 
synchronised Instron record, were found to be consistent with a 
modulus of 211 GPa. 
Curve II is a corresponding strain curve deduced from the total sample 
displacement recorded by the Instron machine. In calculating this 
curve several assumptions had to be made. Firstly, since it was 
presumed that uniform force acted throughout the specimen, then since 
the ratio of the cross-sectional areas of the end sections to that of 
the middle section was 25/9, the stress and thus strain in the mid- 
section was 25/9 times that at the specimen ends, for as long as the 
whole specimen remained elastic. This means that providing the force 
acting on the test piece is not large enough for any plastic 
deformation to occur in the mid-section, me should expect the two 
ends of the specimen to acccrrm)date about 26-W of the total sample 
strain, the remainder being in the 8 mm, mid-section. 
On this basis then, it was assumed that for all times less than 46s 
only 74% of the total sample displacement, Ax (mm), frcm the Instron 
record (having subtracted machine ocmpliance) occurred in the central 
region of the original 8 mm length (ignoring -Ehe slight taper which 
was 1-5 mm on each side of the specimen). Hence elastic strain Em in 
the Central region was calculated frcm 
m-0.74 
Ax (6.4) 8 
Beyond 48s, when the force was sufficient to deform the central 
region, plastically the elastic strain in the ends was considered 
negligible ocmpared to the plastic strain in the middle, eM. . The 
rest of the strain/time curve was then ccmpleted by putting 
137 
cmz,, A x/8 (6.5) 
curve II agreed perfectly with the strain gauge curve I in, the elastic 
region revealing the validity of the assumptions made for this region. 
However, after yielding had conTenced it can be seen that curves I and 
II begin to diverge as time, and therefore strain, increases. This 
implies that the gauge length of 8m used in equation 6.5 was too 
large for accurate determination of strain in the plastic regime. 
A more realistic figure for the apparent gauge length was estimated 
frcm a measurement of the plastic strain rate, 
ýp, in the specimen at 
the point of strain gauge failure as recorded by the strain gauge. 
Now the time dependent fona of equation 6.1 is: 
dx 
dt 
Z9 - ;p 
(6.6) 
where dx is the rate of elongation of the whole specimen. It is UE 
convenient here to take !L as being the crosshead displacement speed dt 
i. e. 0.5 rm per minute, ignoring the small amount of displacement due 
to the machine plus grips. The contribution from the machine 
compliance to the total movement of machine plus grips and sample 
should be small once the sarrple has deformed plastically. 
Measurement of the gradient of the strain-time curve at the point of 
gauge failure gives ýp =1.5 x 10-3s-1, hence fran equation 6.6 
Z=5.4 mm 
This is a surprisingly low value for the gauge length which was 
expected to be nearer 8 mm. The reasons for this small gauge length 
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FIG6.10 Plots of stress versus strain for 431 clogbone tests 
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are not entirely clear. In the calculations above it was assLrned that 
there was an abrupt change in diameter of the specimens from 5 mm to 3 
mm whereas in actual fact the change was more gradual. On either side 
of the central parallel region there was a 1.5 mm tapered section 
producing this gradual change in diameter. Since no account of 
tapering was made it is to be expected that the actual gauge length of 
the specimen is less than 8 mm. 
Another possible reason for the small gauge length could be that the 
onset of necking may have occurred in the central region thereby 
producing a localised yield. This too would tend to shorten the gauge 
length of the specimen as a whole. 
Curve III represents strain versus time calculated fran the Instrcn 
record based on jZ 9=5.4 mm. Clearly curve III agrees well with the 
actual strain gauge curve I at plastic strains above 1% but is 
severely in error for the elastic regime. The strain gauge should 
give the most reliable representation of the actual engineering strain 
within the central region of the test piece. Thus the discrepancy 
between curve I witli curves II and III provided the first indication 
that the gauge length Z9 was a function of strain even for the simple 
specimen g9cmetry of Figure 6.4b. 
Figure 6.10 shows the true stress versus true strain curve (A) for the 
test described above. Engineering stress, cyo, was calculated directly 
frcm the Instron record while engineering strain cc was the strain 
measured by the strain gauges up to 4-W (solid curve) after which it 
was calculated fran the Instron record assuming Z. = 5.4 mm (dotted 
Portion of curve). True stress cy T and true strain cT were obtained 
frcm the standard equations: 
cT= ln (1 + co) (6.7) 
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and 0= CC) (1+ £0) (6.8) 
Also shown in Figure 6.10 is the true stress-strain curve (B) for the 
second 431 dogbone specimen tested at a speed of 20 mm per minute (ý p 
= 0.03s-'). Since no strain gauges were affixed to this specimen 
during the tes. t a change in effective gauge length could not be 
observed directly. Logically, a gauge length of 5.4 mm was assumed for 
the parallel central section of the test piece on the basis of the 
results described above for the first 431 test piece. 
While curve B is initially above A, as should be expected for a higher 
strain rate test, it falls below A beyond a strain of 6%-. The a-Iset of 
necking is responsible for the levelling out of curve B beyond this 
point and once again a small gauge length is implied. 
Curve A agrees well with similar records recorded by Ellwood (1983) on 
431 steel at approximately the same strain rate (1.5 x 10-3s-1). The 
change in 19 with strain as shown by the two results described above 
was then investigated for the 224 steel tensile sarrples. 
6.7 224 STEEL RESULTS AND GAUGE LENGTH ANALYSIS 
All the 224 steel specimens had the same geometry as delineated in 
Figures 6.1 and 6.2. Four of these specimens had pairs of post-yield 
strain gauges mounted on them so that strain could be observed 
directly in the central parallel region. The experience gained from 
the 431 tests led to an improvement in the method of adhesion of the 
strain gauges to the surfaces of the specimens so that in three out of 
four specimen tests, strains of around 10% were recorded before the 
bonding failed. The cement used for the purpose was Tokyo Sckki 
Kenkyujo Co Ltd CN adhesive. 
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The specimen surfaces were first prepared by abrasion using a fine 
grade sandpaper and then were cleaned by the application of methyl- 
pentanone. 
Figure 6.11 shows two strain versus time curves for a tensile test 
carried out at the higher Instron speed of 20 rm per minute. A is the 
actual strain in the sample as measured by a pair of affixed strain 
gauges while B represents strain calculated frcm the Instron record 
assuming a gauge length of 8.3 nTn. For times <0.6s the whole sample is 
elastic and A and B agree perfectly. For times >0.6s the specimen 
deforms plastically. Curve A now lies above curve B, there being a 
gradual divergence of the two. This once more suggests that the gauge 
length, zg,, for the specimen decreases with strain. 
A similar pattern is seen in Figure 6.12 which shows a direct strain 
versus time (curve A) measurement frcm a pair of strain gauges and B, 
the corresponding Instron curve assuming zg = 8.3 mm, this time at a 
testing speed of 0.5 mm per minute. A and B agree quite well up to a 
strain of about 7% after which B falls away from A with increasing 
strain, and again a decrease in Z9 is implied. 
Figure 6.13 is the actual true stress versus true strain graph for the 
same test ('shot 2601) for which the strain-time measurement of Figure 
6.12 was made. The curve up to a strain of lit is founded on the 
engineering strain measured directly frcm the strain gauges and stress 
from the Instron record. The errors in stress and strain values 
determined in this way should be small and therefore this initial 
portion of the curve is believed to be a reliable representation of 
the material properties. 
At 11% strain the gauge bondiryg failed. The rest of the curve in 
Figure 6.13, beyond this point, is based on strain calculated as the 
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total sample displacement (froit Instron records) divided by tg=6.5 
mm. This value was derived from the plastic strain rate just before 
gauge failure (Figure 6.12) together with the crosshead displacement 
velocity -ccj'xE = 0.5 mm per minute, in accordance with equation 6.6. 
The compliance of the machine has been neglected as it makes only a 
small contribution in the plastic region. The second half of the 
stress-strain curve in Figure 6.13 form a harmonious continuation of 
the initial curve composed from actual strain gauge measurement. 
However, there is a mismatch between the two when the derived strain 
is extrapolated below 10%. 
Figure 6.14 derrKmtrates the effect of gauge length, Z9 on the shape 
of the true stress versus true strain graph for the I shot 2601 at 0.5 
mm per minute described above. In this diagram the respective curves 
have been drawn up entirely from data taken fran the Instron record, 
for four different gauge lengths. 
The graph shows that at low strains below 151%, the level of stress at 
" given strain is higher if a larger value of t9 is used, while above 
" strain of 18% the opposite of this is true. At a certain point in 
between, close to 16.5% strain, the stress-strain coordinate appears 
to be independent of the gauge length chosen. The pattern of behaviour 
is easily understood by consideration of the true strain and true 
stress relations, equations 6.7 and 6.8 respectively. 
Below 15% strain the true strain equation 6.7 has a more dominant 
effect over the shape of the curve than equation 6.8. Thus the larger 
x9 the smaller the strain and hence the larger the shift of the whole 
curve to the left of the stress-strain graph. Above 18% strain the 
true stress equation 6.8 dominates so that although a smaller gauge 
length means a larger true strain the tendency for the curve to be 
shifted to the left is more than compensated by the increase in true 
stress level. 
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Figure 6.14 shows the importance of establishing a precise and 
realistic figure for gauge length for a tensile test piece since this 
can significantly influence the resulting stress versus strain 
relationship. Curves (c) and (d) for gauge lengths of 7.6 m and 8.3 
mm respectively, most closely follow the actual strain gauge curve in 
Figure 6.13 up to 115%. However, above 18% strain both (c) and (d) 
show a marked decrease in true stress with increasing true strain 
which hardly seems a genuine trend in the light of the compression 
results (Chapter 8). Hence, Figure 6.14 shows that whereas a gauge 
length of between 7.6 mm and 8.3 mm is reasonable below about 1096 
strain, a much lower or steadily decreasing gauge length should apply 
at strains beyond this point. 
Figure 6.15 is probably the most important graph in the sequence as it 
illustrates the variation in gauge length Z9 at various strain levels 
as measured by the four techniques described in Secticn 6.1.5. There 
is ocnsiderable scatter in the data, especially at low strains where 
displacement and strain are hardest to determine accurately 
particularly for Instron measurements. 
Below an engineering strain of 10% the points are randomly distributed 
about a mean gauge length, Y. 9 of 7.8 mm (standard deviation = ±1.03). 
Beyond this level of strain there is an unequivocal fall in z9 with 
increasing strain, providing clear evidence thaf. z9 actually decreases 
during a tensile test. A least squares linear regression has been 
carried out for the 11 points above 10% strain and this gave a best 
fit straight line of equation 
tg=8.2 - 0.1 F-m (6.9) 
where cm is the percentage engineerirxj strain at the centre, of the 
specimen 
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and 19 is the gauge length in mm. 
Standard Error in the slope (0.1) = ±0.025 (95% confidence) 
Standard Error in the intercept (8.2) = ±0.52 
Due to the large scatter in the data the error in the gradient is 
considerably large at ±25%-. Extrapolating the line back to zero 
strain gives an intercept at (8.2 ± 0.5) m which is consistent with 
the average Fg = 7.8 m for the points below 10%, and also ccapares 
favourably with the previously believed omstant gauge length of 8.3 
m (Ellwood, 1983 and Walker, 1987). 
With this knowledge, then, it was possible to analyse the eight 
quasistatic tensile test records in a logically sound manner. Below 
engineering strains of 10%, true stress and true strain were 
calculated by the use of equations 6.1,6.7 and 6.8, assuming the mean 
value for t9 of 7.8 mm. 
Above 10% engineering strain an interesting feature arose in the 
calculations caused by the employment of equation 6.9. According to 
equation 6.1 the percentage engineering strain, em in the mid-section. 
of the sample is given by: 
C M(. %) = 
100 Ax (6.10) 
X9 
Ax being the total sample displacement from the Instron. record. 
However Z9 itself is a function Of Cm (equation 6.9) so that 
c- 100 Ax 8.2 - 0. lcm 
or _E m2+ 82 cm - 1000 Ax =0 
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Hence equation 6.11 was solved to find e, L, 
frcm Instron records where 
the strain was above 10%. 
By using, 
- 
100 Lx 
E 7.8 
for em < 10% and equation 6.11 for em > 10%, Figure 6.16 shows the 
appreciable effect this new analysis has on the shape of the stress- 
strain curve when ocapared to the old constant Z9 analysis which 
formerly used equation 6.10 and Yg = 8.3 rrm. As indicated on the 
diagram, a point which would have been drawn at (16.6%, 617 MPa) is 
shifted to (26.2%, 680 Wa) under the new analysis. 
Figure 6.17 shows the new analysis of six tensile tests carried out at 
a speed of 0.5 mm per minute producing a mean strain rate of 10-3s-1. 
A mean curve has been drawn through the set which shows a high degree 
of consistency. It represents the most definitive true stress -versus 
true strain relationship obtained throughout the tensile work for a 
particular set of conditions. 
Figure 6.18 shows the mean results fnn two tests at 20 mm per minute 
giving a strain rate of 0.04 s-1 (i. e. the final true sample strain 
divided by the total test time). For the purposes of ccmparison the 
mean curve frcm Figure 6.17 has been added. Up to about 15% strain 
both curves agree with compression curves (Chapter 8) obtained at 
similar rates. 
The results displayed in Figures 6.17 and 6.18 are discussed in more 
detail with respect to the compression test and higher strain rate 
tensile test results in Section 9.3. 
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6.8 DUCrILITY AND STRENGTH OF 224 STEEL 
A useful measure of ductility for a metal, which is often quoted in 
tensile tests, is the 'reduction of area', q (see for example Dieter, 
1985) which is given by: 
q= 
Ao - Af (6.12) 
Ao 
Measured values of q for a selection of the tensile tests at three 
different testing rates are presented in Table 6.1. It appears that q 
is insensitive to strain rate over the reasonably narrow range covered 
by the tests here. Also shown are figures for the ultimate tensile 
strength (UTS) (i. e. engineering stress at maximum load) and the 
corresponding true stress at maximum load, au. The values for UTS 
comply well with the specification of British Standard No 1501, 
British Standards Institution, 1980, which states an acceptable range 
of 430 MPa to 550 1ý7a. The trend is for UTS to increase at the higher 
strain rates which fits in well with the thermal activation theory 
discussed in Chapter 2. 
Test Test Machine Plastic Ultimate 
No Speed Strain Rate Tensile 
Strength UTS 
260 0.5 10-3 509 
274 0.5 10-3 523 
275 0.5 10-3 516 
MEAN 515 
262 20 0.03 545 
263 20 0.03 547 
MEAN 546 
264 50 0.08 552 
a u(MPa) 
621 74 
621 71 
662 73 
634 73 
642 76 
647 73 
645 75 
75 
For this record the machine speed was too great for a reliable 
load-displacement record to be obtained. Hence there is no 
measured strain and thus no true stress. 
TABLE 6.1: SHOWIWG DUCTILITY AND STRENUM OF 224 C-Mn STEEL IN TENSION 
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6.9 COMPARISON OF PRESENr 'JLEN IT. RESMTS WITH PREVIOUS VX)RK 
The most striking difference between the results obtained here and 
tensile results from 321 stainless steel and copper recorded by 
previous workers at Loughborough at 200C (Ellwood, 1983 and Walker, 
1987, respectively) is that the observed change in gauge length with 
increasing strain as described above. The reason for this is the 
difference in relative strength between the three materials. 
Ellwood's work on 321 stainless steel did not proceed beyond a strain 
of 10% and so he was unlikely to see a change in gauge length during 
the test. 
Figure 6.19 shows tensile true stress versus true strain curves for 
all three materials at a rate of approximately 10-3s-1. Copper is 
clearly weaker than the two steels which have similar yield stresses, 
cy (i. e. cry321 = 258 MPa and ay224 = 270 MPa (LYP)). The graph also 
demonstrates that the rate of work hardening ýE is largest for the 224 De 
steel studied here. 224 steel is the only material of the three which 
showed an upper and lower yield point, an indication of inhomogeneous 
deformation associated with the propagation of Luders bands. 
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CHAPTER 7 
M AMIC TENSILE TESTS 
7.1 A REVIEW OF THE DYNPMC TENSILE UES 
Tensile tests are very conveniently performed at low strain rates 
(quasi-static) of the order of 10-2s-1 or less using conventional 
screw driven Instron type machines (Davis et al, 1982). Above this 
rate, up to about 100 s-1, servo-hydraulic type machines can be 
employed based on similar principles to the slower Instron machines. 
At these low and intermediate strain rates the tensile test holds the 
advantage over the equivalent compression test in that, provided the 
system is correctly aligned, the specimen is unaffected by friction. 
Also, in tension a wider variety of sample geometries can be used as 
long as the gauge length is krcm or remains constant throughout the 
test (Dieter, 1985). 
At strain rates above 100 s-1 tensile tests become increasingly more 
difficult to perform with precision. For a start, it is difficult to 
achieve perfect axiality of loading of the specimen without 
introducing bending mcments. Moreover effects due to wave propagation 
and inertia become increasingly more significant at higher rates. 
This is why most dynamic testing of materials has favoured a 
compressive method using smaller samples. 
In carrying out tensile tests above 103 s-1 the effects of inertia are 
a matter of some considerable concern and should not be ignored in the 
analysis. Regazzoni and Montheillet (1985) have reviewed the important 
factors which affect the results from uniaxial tensile tests at high 
strain rates between 103 and 3.5 x 103 s-1. In 1986 Regazzoni and his 
co-workers made a theoretical study of the dynamic tensile test at 
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high rates concentrating particularly on inertial effects. They 
identified three important features caused by inertia: 
i) it induces a radial component to the stress that may not be 
negligible under certain conditions; 
ii) it causes non-uniformity of deformatibn resulting in 
heterogeneous distribution of stress, strain and strain rate; 
iii) it affects the elongation stability (i. e. the cns6t and growing 
of the neck). 
of these, probably (ii) is of the most consequence in influencing the 
resultant stress-strain analysis. The effect may be simply illustrated 
for the case of the Loughborough SBPB by considering a tensile test at 
the highest strain rate -, 1500 s-1 on a 224 steel specimen of gauge 
length 8.3 mm. Assuming a longitudinal wave speed of 5 mmlii s the 
elastic wave will take 1.7 lis in travelling frcr the loading end of 
the gauge length to the stationary end of the gauge, in which time the 
specimen will have undergone an elongation of 0.25% within the gauge 
length itself. This is, however, small compared to the total 10% 
permanent strain expected at the end of such a test, and is also less 
than the yield strain. Furthermore the elastic strain rate will be 
substantially less than 1500 S-1, so the figure 0.25% can be regarded 
as a maximum. 
Since the pioneering work of Harding and his colleagues at Oxford in 
1960, the dynamic tensile test has becane increasingly popular as a 
method of determining material properties at high strain rates. Before 
that time little of the dynamic tensile experimentation produced 
details of true stress versus true strain. The paper by Harding et al 
(1960) reviews much of the earlier work in this field. 
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Nowadays, the dynamic tensile test has beccme more common. Table 7.1 
reviews some of the main techniques which have been used in the last 
ten years and some of the pioneering work before that. It emerges 
fran this table that there are three main types of dynamic test most 
ccaux)nly used and these may be classed, loosely, as modified SHPB, 
hammer to impact block (or the one bar method, Figure 7.1), and 
expanding ring or cylinder. Of these, it appears that scme form of 
modified SHPB system is more often favoured. 
obviously by placing the methods reviewed in Table 7.1 into these 
three categories does not mean to say that the methods in each 
category are identical but merely that they share a com: )n philosophy 
and are based on similar principles. They are summarised briefly 
below. 
a) Expanding ring/cylinder test [Refs 17,22 and 231 
Generally this method is used at strain rates of C)4 s-1 or greater, 
above the strain rate range covered by experiments described in this 
thesis. Most expanding ring or cylinder methods use some form of 
explosive loading such as might be produced by the vaporisaticn. of a 
copper wire through which a high current has been discharged. 
Recently Ahmad (1988) has reviewed the development of the expanding 
cylinder/ring test. 
b) Hanvier to inpact block teclinique [Refs 1,6,7,8,12,13,14, 
16,18 and 24] 
This is a fairly general method for dynamic tensile testing at strain 
rates between 10 and 1000 s-1. A typical schematic arrangement is 
shown in Figure 7.1. The moving hamrer may be an explosively driven 
piston, a pendulum or connected to a constant speed rotating disc. 
The block is usually supported in some form of guide so that after 
impact both hammer and block continue moving together thus ocnsex: ving 
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linear momentLzn and thereby pulling the specimen apar-t. Fran the 
dynamic strain, e g(t) measured in the gauge attached to the output bar 
it is possible to calculate the dynamic tensile stress a (t) and 
strain, e(t) in the specimen frcm the followirxj equations (Kobayashi 
et al, 1985): 
(ý2) E (t 
A 'b Eg 
JV( T) - ce + -ý))dT 9c 
(7.1) 
(7.2) 
where X and A are the gauge length and minimum cross-sectional area of 
the specimen, Ao, Eb and c are the cross-sectional area, Young's 
modulus and longitudinal elastic wave velocity of the output bar. V is 
the impact block velocity. e (T + ý) is the time dependent strain 9c 
measured by the gauge. The main disadvantage of this method is that 
very often the strain rate is variable throughout the test. 
c) Modified SHPB for dynamic tensicn [Refs 2,3,4,5,9,10,11,15, 
19,20,21 and 251 
It is far easier to produce a ocmpressive wave of short rise time in a 
bar than a tensile one. Hence manY modified SHPB systems convert 
ccinpressive waves, produced by impact in the normal way, into tensile 
waves by the introduction of a special mechanicýi joint at scme point 
along the length of the loading bar. Harding et al (1960) were the 
first to do this by arranging the tensile sample plus inertia bar 
inside a hollow tube which acted as the loading bar. A tensile wave 
was Produced at a 'Yokel which connected the sample to the tube. 
In 1971 Harding, using a different SHPB system, produced a tensile 
wave in the incident bar by sudden application of a 50 ps electro- 
magnetic pulse. Albertini and Montagnani, 1977 and 1985, similarly 
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achieved a tensile wave in the incident bar by first corrpressing it 
almost to the elastic limit and then suddenly allowing it to relax. 
Unfortunately in all three systems described above long rise times 
were observed in the tensile waves incident on the specimen. 
Alternatively, the sirnplest modification to a SHPB arrangement to 
allow tensile testing is to replace the compression sample with a 
tensile test piece and a surrounding protective collar. The test is 
then performed by allowing the normal compression pulse to pass 
through the specimen plus collar and then reflect from the free end of 
the bar line as a tensile pulse. The incident bar then becomes the 
transmitter bar and vice versa. Such systems were developed 
independently by Ellwood et al (1982b) and Nicholas (1981). Near 
perfect reflection at the free end means that there is very little 
wave dispersion in producing the tensile wave. However the method does 
have the disadvantage that the amplitude of the loading wave is 
limited by the maximLzn compressive stress sustainable in the tensile 
test piece without it yielding. 
This latter form of modified SHPB is currently used at 1, oughborough 
and is described below. 
7.2 GENERAL DESCRIPTION OF THE SPLIT HOPKINSON PRESSURE BAR 
ARRANGEMENT FOR TENSILE TESTING 
The current SHPB tensile testing arrangement at Loughborough has been 
developed and described in scme detail by Ellwood (1983) and Walker 
(1987). The object of the experiments described in this thesis were 
to test the validity of the technique so developed, and to apply it to 
the 224 carbon steel samples. 
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The modification to the compressive SHPB system described in Chapter 4 
required for tensile testing was very simple. The incident bar 
comprising a one metre length of 431 bar plus one metre of maraging 
steel bar was replaced by a 2m maraging steel bar which had a screw- 
threaded hole at one end in which to grip the tensile specimens. The 
transmitter bar was replaced by the lm length of maraging steel bar 
which formed the second half of the incident bar in the compressive 
arrangement. This too had a threaded hole for gripping the tensile 
test pieces. The momentum bar, no longer needed, was removed 
completely. 
The only other addition required was the collar, a cylinder of bar 
material which surrounds the specimen without touching it and is 
sandwiched between the incident and transmitter bars in much the same 
way as a ocmpression sample. 
Schematically the tensile version of the SHPB is shown in Figure 7.2. 
A compressive wave, cc, is produced in the normal marner by impact of 
the projectile with bar 1. This compressive wave travels through bar 
1 and through the collar plus sample into bar 2 where it is reflected 
back as a tensile wave, c,, from the free end as illustrated in Figure 
7.2a. The tensile wave upon arriving back at the collar plus specimen 
acts solely on the specimen, the collar falling since it is not fixed 
to the bars (Figure 7.2b). At this point reflected cR and 
transmitted, F-Ti, waves are created according to the degree of strain 
Produced in the specimen, and the equations used in Chapter 4 for 
compression may be applied here. 
Figure 7.2c shows idealised signal-time traces for the recording 
strain gauges SGl and SG2. It can be seen that modification frCM the 
compressive system merely converts the incident bar to transmitter bar 
and vice versa. 
158 
The function of the collar (Figure 7.2b) is to protect the sample frcm 
the initial incident compressive wave. The total compression in the 
specimen is limited to the strain produced in the collar and this 
imposes a limit on the size of the ocrnpressive pulse which can be 
incident at the collar without producing work hardening in the 
specimen. In turn this fact imposes a limit on the maximum specimen 
strain rate of approximately 10 s-1. 
Two sizes of collar have been made. The first by Ellwood (1983) has an 
external diameter of 12.7 mm to match that of the bars as depicted in 
Figure 7.2b. The internal bore of this collar is 6 mm so that its 
total cross-sectional area is 78% of that of the pressure bars. 
Hence, in ocupression, the collar undergoes only slightly more strain 
than the bars. 
The Walker (1987) collar has the same internal diameter of 6 mm but 
double the external diameter i. e. 25.4 mm. This latter collar was made 
to increase the maximum achievable tensile strain rate for which no 
predeformation in copper sarrples occurred. This was done by allowing a 
larger initial ocmpressive pulse which was, partially reflected at the 
collar. Both collars were 17 mm long made frcm 431 steel. A pair of 1 
mm diameter grooves were cut in each to allow electrical oonnection, of 
strain gauges mounted on specimens in certain tests. In all but the 
very last two tests described here the 'Ellwood collar' was used. 
Figure 7.3 shows a record from' an actual tensile test on 224 steel. 
The upper trace indicates the incident tensile wave, c, followed by 
the corrpressive reflected wave, cR* The lower trace, synchrcnised 
with the upper, shows the transmitted wave, cT* Clearly the noise 
level on the transmitted signal is greater than that on the incident 
and reflected waves. This is a natural consequence of the fact that 
most of the incident tensile wave is. reflected due to the large crcss- 
sectional area mismatch between bar and specimen. 
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A higher magnification of the transmitted signal is then required with 
an overall reduction in signal to noise ratio. The noise on the 
transmitted channel is not white but is predominantly of 100 kHz 
frequency which suggests that it may be interference from the pLv 
computer or transient recorder circuitry or fici, the mass spectrcmeter 
in the neighbouring laboratory. 
7.3 EXPERIMENTAL CONSIDERATIONS 
Figure 7.4 is a Lagrangian diagram of the stress waves propagated in 
the SHPB tensile system. It can be seen that the actual tensile test 
occurs about 800 Ps after the initial impact of the projectile with 
bar 1. The diagram also shows what happens to the portion of the 
initial compression wave reflected frcm the collar after 400 us. It is 
not possible to make this small reflection zero even when using the 
Ellwood collar since the combined areas of the collar plus sample does 
not equal that of the bars. However by having the first bar 2m long 
means that the reflection does not return to the first pair of strain 
gauges at the same time as the transmitted tensile wave generated by 
the test. 
Due to the small signal size of the transmitted tensile wave (Figure 
7.3) it was even more important to minimise the effects of bending 
waves generated at impact and of spurious waves created at the bar 
supports. Hence these supports were made as loose and free as 
possible while special care was taken in mounting the strain gauges in 
each pair exactly diametrically opposite each other on the bars to 
cancel out the effects of bending waves. 
Due to the relatively high noise level on the transmitted wave traces 
fran SG1, various oscilloscope amplifier gains were tried until an 
optimum signal to noise level was achieved. For the most part the SGl 
amplifier gain was set to x2-9 while that for SG2 was xlO. 
160 
on the first few trial tests using 5 mm continuous diameter 431 
specimens, it was found that false upper and lower yield point effects 
could be produced at the screw threads if they were not tightly 
gripped to the bars. For this reason, all the 224 dogbcne specimen 
threads were packed with PTFE tape before testing. 
It was essential to ensure that the collar was correctly aligned with 
the pressure bars on either side of it. 7he existence of an air gap 
between the collar and the bars would not only cause problems with 
large reflections being created upon arrival of the initial 
ccmpressive pulse, but also it would result in the slight deformation 
of the specimen before the arrival of the tensile wave. Correct 
alignment was not always easy to achieve since the 2m bar 1 had a bend 
in it. 
7.4 THEORETICAL LIMITATIONS ON STRAIN AND STRAIN-RATE IN THE TENSILE 
TE6 
The experiments of Nicholas (1981) and Ellwood et al (1982) proved 
that the total compression of the specimen in response to the initial 
compressive pulse is limited to the strain produced in the collar. 
However, they did not go on to consider that the strain throughout the 
specimen is not uniform. Since the cross-sectional area of the tensile 
specimen varies from its ends to the central parallel region, the 
compressive stress will be greater in this region than at the ends. 
Consequently, there is effectively amplification of the stress and 
hence strain in the passage of the initial compressive pulse from the 
first pressure bar through the specimen plus collar. It is 
instructive to evaluate the amount of strain amplification and conpare 
this with experimental observations. 
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Walker (1987) paid particular attention to this problem for the case 
of copper tensile specimens. Theoretically he determined that the 
ratio of compressive strain, em, in the mid-section of a copper 
specimen to the strain in the first pressure bar, ý' b, should lie 
within the range 1.35 to 4.38. However, in two particular tests in 
which strain gauges were affixed to the specimens he measured this 
ratio (F-m/tb) as 4.2 and 7.1 respectively. 
The alarming disparity between this second empirical value of c m/ Cb 
and the theoretically predicted range is a point of some concern. In 
Walker's theoretical analysis two rather vague parameters are 
introduced to describe the behaviour of the whole specimen. These are: 
(i) "effective area", A', which may take some value between the cross- 
sectional area of the central parallel region (7.1 mm2) to the cross- 
sectional area of the ends of the specimen (19.6 mm2), and (ii) 
"effective modulus", EI, whose value is somewhere between the elastic 
modulus for copper (129 MPa) and zero (for plastic flow). 
In the text below an alternative analysis is presented for the case of 
224 carbon steel specimens and the Ellwood collar based on purely 
elastic conditions of sample and collar. Since we are concerned that 
the strain in the central parallel region, e mo, does not surpass the 
elastic limit, the reasoning here is felt to be valid for 
detennination of EmIcb and the maximum strain rcite, cm/max- 
Consider Figure 7.5 which is a schematic picture of the collar and 
specimen arrangenient in the SHPB system. Let force, stress, strain 
elastic modulus, cross-sectional area, length and change in length be 
denoted by F, a, c, E, A, t and At respectively and the subscripts b, 
c, e and m denote the bars, collar, ends and middle of specimen 
respectively. 
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FIG 7.5 Diagram of 'Ellwood' collar and specimen arrangement in the 
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Fb, FCp Fe and Fm represent the equilibrium forces on the 
faces of the bars, collar, ends and mid-section of the 
specimen respectively during the passage of a compressive 
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Now for equilibrium of forces at the interfaces between each of the 
pressure bars and the collar plus sample: 
Fb = Fc + Fe (7.3a) 
If the force through the specimen is homogeneous, then 
Fe = Fm 
so that Fb = Fc + Fm 
hence CTbAb = (rAc + amAn, 
and since the regicns are all elastic 
CbEbAb = ccEA + cmEmAm 
(7.3b) 
(7.4) 
(7.5) 
Looking at equaticns (7.3) through to (7.5) it may be noted that for a 
relatively soft specimen, such as copper, where E. < Ec most of the 
force is taken up by the collar and consequently the stress and strain 
in the collar is increased. For Eým =01. e. no specimen, we have frcrn 
equation (7.5) 
CC 
_ 
Eb Ab 
Fb- Ec Ac (7.6) 
This defines the maximun strain in the oollarOl Cc/max in terms of the 
bar strain. 
With Eb = Ec, Ab = 126.7 m2 and Ac = 98. /4 m2 we obtain 
Ec 
= 1.29 EbI 
max 
(7A) 
For the case of 224 carbcn steel testing, and indeed for marry other 
steels, we have the situation in which the collar and sample are of 
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roughly equal modulus, i. e. Ec =- E; n =- Eb. Under the condition of 
equal moduli, equation (7.5) may be written, 
126.7cb = 98.4cc + 7.1cm (7.7) 
since Am = -ff (1.5)2 = 7.1 m2. 
Since the total collar ocapressim must equal the combined change in 
length of the ends and middle of the specimen we have: 
At = At + At cm6 
Recalling equation (6.1): 
cm -- 
U 
ig 
where k9 is the gauge length, gives 
c- Alm + 
Ale 
- -tm 
cm + L. c. 
Ig ig 
i. e. __ 
5cm + 12E: e Cý m= 
J49 
For small strains tg = 8.3 rrm so that 
ce 
= 0.275 Em 
Equation (7.8) may be rewritten as 
'tc Ec= 'tm r-m + 210 ce 
or 17cc = 5% + 12ce 
(7.8) 
(7B) 
(7.9) 
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C, Crnbinirxj equations (7.7) and (7.9) with the result of (7B) gives 
c 
, Em = 2.3 
b 
and 
c 
2=1.12 
Cb 
(7C) 
(7D) 
Thus the ocmpressive strain in the middle of the tensile sample is 
about 2.3 times the ccrrpressive strain in the bars for the incident 
carrpressive pulse and we should not expect it to be greater than this. 
The analysis can be extended in order to determine the maximum strain 
rate achievable with this SHPB system which does not pre-defoxm the 
specimen before the test itself. 
Frcn the compression results on the SHPB it was found that for strain 
rates above 1000 s-1 the yield strain was not less than 0.396. Hence 
the corresponding maximurn strain of the initial ocrnpressive pulse is 
frcm equation (7C): 
c Imax = (0-2)%- b T3 
i. e. cbýmax = 0'. 13%- (7E) 
Now the ccrnpression strain amplitude, E: b in the first pressure bar is 
related to the steel projectile velocity V by 
=V b 2CO 
where C. is the longitudinal wave speed in the bars (= 5 m/ps). Thus 
we can write: 
VMAX = 13 ms-1 (7F) 
This defines the maximum velocity at which the projectile may impact 
with the first bar without ocmpressively work hardening the tensile 
specimen. 
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when the ocmpressive wave reaches the free end of the bar line it is 
reflected and beccmes the incident tensile wave for the test. Assuming 
that this reflection is perfect, and that the collar causes no 
reduction in the initial incident pulse, the maximum amplitude of 
tensile pulse, cI I MAX will equal c bi I, =: 
i. 
In a typical tensile test at a high strain rate (> 1000 s-1) roughly 
90% of the incident wave is reflected so that: 
C RI 1, M = 0.9 x 0.13% 
i. e. e Ri jiM 2 0.12% 
Now strain rate in the specimen is proportional to the reflected wave 
strain, OR, accordirxj to: 
-2C 0rR 
9 
:, 
c 
IIMAX = 0.13% 
(7G) 
Substituting in result (7G), Zg = 8.3 m and Co =5 m/ij s yields: 
. 
C 
sl MAX 1400 s (7H) 
This, then, is the maximum allowable strain rate in 224 steel 
specimens in the tensile SHPB system using the Ellwood collar (Figure 
5.23). If the projectile has an impact velocity greater than 13 ms-1 ' 
the specimen will yield compressively before the start of the tensile 
test. 
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7.5 EXPERIMENTAL VERIFICATION OF THE TEN ILE SHPB MUMD 
A number of experimental measurements were performed to test the 
theOrY Proposed in the last section (7.4). Particular attention was 
paid to the unavoidable ccmpressive loading of the specimen before the 
actual start of the tensile test. 
The strain in the collar, and in numerous samples, was measured 
directly by pairs of 1 mm gauge length strain gauges (Sokki Kenkyujo 
Co Ltd FLE-1-11) attached to them. The gauges, placed 18CP apart, were 
oomected in series and acocmmodated into two extra ballast resistance 
type circuits identical to the me sham in Figure 4.11. A Philips 
PH3302 8 Kbyte digital storage oscilloscope was used to record the 
strain gauge signals in most of the tests. Since this oscilloscope was 
sensitive enough to record signals down to less than 5 mV it was 
unnecessary to amplify the signals from the gauges (which were 
typically of the order of 25 mV). 
Roughly half of the 'shots' failed due to either breaking of wires 
under impact or short circuiting of them with the steel bars or 
collar. As there was only 1 mm clearance between the specimen and the 
collar, it was technically quite difficult to fit the connecting wires 
to the strain gauges into this space without upsetting the orientation 
of the collar which consequently led to problems of correct alignment. i 
Nevertheless, frcm the shots which were successful some enlightening 
information was obtained. 
First of all, the response of the pair of strain gauges on the collar 
to the initial compressive pulse was checked with no tensile specimen 
present. The pair of gauges on the collar were connected to channel 
two of the nomal SHPB circuit replacing SG2. Figure 7.6 shows the 
pulses recorded in this preliminary shot (TT2). on the right hand 
0.03% strain 
'-ýOys 
A) Incident compressive pulse in bar 
=moms min, 
20ps 
B) Incident compressive pulse in collar 
0.03% strain 
FIG 7.7 Comparison of the incident compressive strain in the first 
pressure bar (A) with the compressive strain in the collar 
when a continuous 5 mm diameter tensile specimen is present. 
Ec/% ý 1.29. 
mi 
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side of the oscilloscope photograph is the stress wave in the collar, 
the larger of the two, while the one on the left hand side is the 
incident compressive wave in the bar. The ratio ý: clcb as measured from 
the photograph is 1.29 in perfect agreement with the theoretical 
result (M). A second test (TT4) was performed under the same 
conditions and ecIF-b was measured as 1.31 agreeing very well with the 
first result, within experimental error. 
The next stage was to test the system with a dumry tensile specimen 
plus collar. The 431 steel, continuous 5 mm diameter type specimens 
which had been used to determine the corrpliance of the Instron machine 
(Section 6.4) were used again here. Figure 7.7 shows the compressive 
pulses recorded for the first of these tests (M). Again the ratio 
cc/Eb was measured as 1.29 which suggested that the specimen offered 
little or no resistance to the ocmpressive pulse, most of the loading 
stress being taken up by the collar and virtually none by the 
specimen. The strains in the specimen and the collar should be equal 
Further tests using 431 continuous 5 mm diameter samples verified 
this; all of them produced an r-c/cb ratio close to 1.29. 
In the 431 tests which had strain gauge pairs affixed to the centre of 
the specimen no significant ompressive pulse was ever recorded. Shot 
Tr5 whose oscilloscope record is presented in Figure 7.8 is a typical 
example. The explanation of this observation is simple. All tensile 
samples, even if ccmpressed, will fail at their weakest point. For 
the normal Idogbonel shaped specimen this should be at the centre, but 
for the 431 continuous diameter specimens the point of failure is 
where they are screwed into the bars. Since the incident ccmpressive 
strain is so small the threads may not have been in full contact with 
the bars and therefore all the displacement may be accomx)dated at the 
threads and thus no ocmpressive strain in the specimen. 
5 -sample(O. 06%/div) 
,ý -collar (0.03%/div) 
'ps/div 
20 
FIG 7.8 Comparison of strain recorded in the collar and 431 specimen 
due to the passage of the initial incident compressive wave. 
No significant pulse is seen in the sample trace. 
omm 
moopm9mm 
_- 
40ps/div 
El 
, 
ER(O. 03%/div) 
E -r- (0.0 1%/d iv) 
FIG 7.9 Osc--'loscope record of tensile shot No 221T at a strain ralýe 
of 833 s-1. 
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Table 7.2 presents the measured ratios of r: 'clý: b for the initial 
ocrnpressive pulse in the early shots described above. The mean of the 
first six Ed% values is 1.30 which compares remarkably well with the 
theoretically predicted value of 1.29 for no sample in (7A). At the 
base of the table is shom the measured ratio obtained frcm a shot on 
a 224 tensile test piece. The result of ec/C b '2 1.17 is only slightly 
larger than the 1.12 estimated in (7D) which was the ratio expected 
for all the 431 test pieces in Table 7.2. This indicates a greater 
uniformity of ocinpressive strain in the 224 steel sample than in the 
431 solid specimens and no initial slackness in the threads of the 224 
piece. 
Shot No Sample Incident 
Carpressive 
Strain cb M 
ecleb 
Tr2 Ncne 0.102 1.29 
Tr4 None 0.088 1.31 
TM 431 0.112 1.29 
Tr5 431 0.082 1.33 
Tr6 431 0.108 1.28 
T77 431 0.110 1.31 
MEAN 1.30 
221T 224 0.074 1.17 
dogbone 
TABLE 7.2: MEASUREMENTS OF THE RATIO 'clEb FOR THE INITIAL 
CCVIPRESSIVE WAVE IN THE SHPB SYSTEM 
As great consistency had been achieved in the measurement of the 
amplitude of the stress pulse in the collar relative to that in the 
first pressure bar, attention was next concentrated cn the measurement 
of both ccmpressive and tensile strain in the 224 steel specimens. 
I/,, - 'r-SO 
-sample(l. 18%/div) 
-collar(O. 03%/div) 
FIG 7.10 Strain gauge response to tensile wave in specimen and 
collar. 
10 
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FIG 7.11 True strain versus time plots for three SHPB tensile teSt3 
at a mean strain rate of 636 3-1. 
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The first attempt to measure the compressive strain in a 224 test 
piece proved only moderately successful as poor electrical contact of 
the leads from the ballast circuitry to the strain gauge pair cn the 
sample resulted in a rather noisy record. Furthermore a slight 
misalignment between the collar and the bars initially led to a small 
plastic deformation (0.047%) in the specimen before the tensile pulse 
arrived. Nevertheless it was possible to determine an estimate for 
F-mlcb of 1.59, well below the theoretical predictim of 2.3 fresult 
(7C)). 
The next successful shot was 221T whose pressure bar strain pulses are 
shown in Figure 7.9. A pair of gauges attached to the collar in this 
test recorded a ratio ec/c: b Of 1.17 for the initial ocmpressive pulse 
as quoted in Table 7.2. A second pair of gauges on the central 
parallel region of the sample monitored the tensile strain only. 
Figure 7.10 shows the strain gauge signal in respcnse to the tensile 
wave. As expected, there is no tensile strain signal in the collar. 
The gauges affixed to the sample broke 52). ts into the test (i. e. half 
way) at a strain of 3.6%. 
In Figure 7.11 the signal trace from the specimen gauges (Figure 7.10) 
has been superimposed on the graph of strain versus time for the shot 
221T frorn the ocnputer analysis. The computer calculations were based 
on a gauge length of 7.8 mm for the test piece, based on the 
quasistatic results of Section 6-7. Up to a time of 20 ILs the strain 
gauge record agrees reasonably well with the computer analysis. 
Thereafter, however, the gauge signal attains levels of strain higher 
than at the corresponding lines in the caqmter plot, which suggests 
that the gauge length, Eg, has been overestimated. 
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From Figure 7.10 it is possible to determine the strain rate at the 
time when the strain gauges broke which is 
ým= 833 
appropriate here to recall the SHPB equation (4.8) 
2CO 
19 
It is 
where jý is the specimen gauge length and Co is the lcngitudinal, wave 
speed in the bars. 
Rearranging: 
= 
2CO 
c L9 ým 
(7.10) 
Taking CO =5x 103 ms-1, FR 2-' 0.57 x 10-3 and 833 S-1 as deduced 
above, gives the value of the gauge length as 
19 = 6.8 
(71) 
This result is appreciably lower than the figure of 7.8 mm expected 
frcm the results of the quasistatic tests in Section 6.7. 
Followirxj shot 221T_ it was decided to carry 'out further tests at 
slightly lower strain rates. For this it was necessary to replace the 
steel projectile with a duralumin one of the same length, 25 cm. 
141-11asurements concentrated on both the ocapressive and tensile strain 
in the central parallel region of the specimens, using both channels 
of the Philips PM3302 storage oscilloscope. 
Figure 7.12 shows the specimen strains recorded in shot 223T. Figure 
7.12A shows both the initial ccarpressive pulse, and the tensile wave 
arriving 400 Us later; B and C are xlO expansions (on the time axis). 
Strains recorded in sample 
o-ro-Loo 90ý2, L 
tensile(upper trace) 
=1.18%/div 
A 6% 3.7 Yo 
--4.7% 
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Horizontal scale: 20ps/div 
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Recorded compressive strain 
Vertical scales: 
FIG 7 . 12 CcT,, presgi,,, e an-I tens-i'le st-rains recorded in a tensile 
92 s 
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considering first the compression pulse in Figure 7.12B it is clear 
that the pulse is not level topped which means that there must have 
been some reflection of the incident wave due to misalignment between 
the collar and bars to begin with. Also the strain level does not 
return imTediately to the base line but flattens out at a level of 
0.048%- strain. It is likely that this represents a small amount of 
plastic deformation before the arrival of the tensile wave. There may 
have been a small amount of plastic deformation due to the passage of 
the compressive wave though this is not certain since the lower strain 
gauge signal in Figure 7.12A does return to the baseline before the 
arrival of the tensile wave. The highest compressive strain towards 
the end of the pulse is 0.12% which makes the ratio c m/c b=2.64 in 
good agreement with the theoretically predicted value of 2.3 [result 
(7C)). 
Mc)virxj on to the tensile strain (Figure 7.12C), it can be seen that 
the strain gauge pair remained perfectly intact throughout the 100 i's 
test and beyond. The final strain acquired at the end of the test was 
3.7%-. The strain rate, ;m over the second half of the test has been 
measured from the photograph as 439 s-1. Applying equation (7.10) 
again here confirms the gauge length calculated for shot 221T. 
i. e. kg = 6.8 mm (71) 
The last test in this series was shot 225T, again performed at a 
relatively low strain rate generated by the duralumin projectile. The 
strain pulses recorded in the pressure bars frcm this particular test 
were presented previously in Figure 7.3. This represents one of the 
best tensile results obtained. Unfortunately both the incident 
tensile wave and reflected wave (upper trace) are not level topped but 
show a steady rise in strain amplitude, which is a sign that a 
(C2O9P 
Strains recorded in specimer 
Vertical scales: 
A 
tensile(upper trace) 
= 1.1 8%/div 
compression(lower trace) 
=: 0.03%/div 
Horizontal scale: 500ps/div 
Compressive strain 
B 
C 
Horizontal scale 50ps/div 
Horizontal scale: 50ps/div 
---- 
3 
upper trace 1.18%/div 
0 02, ", /(fiv 
Tensile strain 
Vertical scale 1.18%/div 
FIG 7.13 Compressive and tensile strains recorded in a tensile 
specimen during a SHPB test at 308 s-1. 
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significant reflection occurred at a discontinuity between the bar and 
the collar earlier in the shot. 
This is confirmed in the pictures of Figure 7.13 which show the 
compressive and tensile strains recorded in the specimen. Figure 
7.13B shows the strain produced in the sample by the initial 
compressive pulse. The lower trace shows a compressive strain of about 
0.22% before exceeding the storage range of the CRO. The upper trace 
indicates that a maximum strain of about 0.3% has been reached, 
although the accuracy of measurement is lower. The compressive pulse 
does not return to the baseline at the end of this loading but 
registers a strain of 0.066%. The high initial compressive strain and 
the residual strain indicate that the sample has been slightly 
deformed plastically by the compressive pulse. 
In terms of change in length over the whole sample., this plastic 
strain corresponds to about 11 jim. in many practical instances it 
would be possible not to notice an air gap of this order between the 
collar and the bars which reduces the effectiveness of the collar. 
The non-return of the specimen compressive strain to zero was a 
feature of all three shots for which the measurement was made, and is 
now believed to be due to the presence of a small air gap or slight 
misalignment between the collar and the bars rather than due to the 
actual compressive pulse amplitude being too large. The author 
believes that this reason may explain the large values of cm/cb (i. e. 
4.2 and 7.1) measured experimentally by Walker (1987) in copper 
samples. For shot 225T the ratio em/cb was measured as 5.4 as a 
result of the misaligrment described above. 
Figure 7.13 shows the tensile record in which the strain in the mid- 
section of the specimen reaches 4.07% by the end of the test. In the 
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second 50 vi s of the tensile pulse, the strain rate, ým is 480 s-1 and 
by applyirxj equation (7.10) once more, gives: 
tg = 6.6 mm (7J) 
Again this is a consistently low value for the gauge length, in 
disagreement with 19 detemined at quasistatic strain rates. Figure 
7.14 compares the tensile strain-time records frcm the strain gauges 
with those detenmined by the computer analysis based on a gauge length 
of 8.3 m. This figure illustrates the considerable difference in 
strain and hence strain rate obtained by the two methods. The present 
quasistatic tests indicated a gauge length of 7.8 mm for strain < 10-1. 
Scme ccnTrent is needed as to why the value of L9 should be lower in 
the higher strain rate SHPB tests than at quasistatic rates. one 
possible reason is that since the yield point is more prcnounced at 
higher strain rates and occurs at a higher stress level, the plastic 
strain in the specimen is concentrated more in the central parallel 
region. 
It is unlikely that the error in measurement of strain in the central 
parallel region using strain gauges is very large. In the last shot, 
225T the final strain recorded by the gauges in Figure 7.13A (i. e. 
3.95%) after the passage of multiple tensile and compressive pulses 
agreed well with the strain deduced from the change in distance 
between a couple of parallel scratch marks made in the middle of the 
specimen (i. e. 3.85%), thereby justifying the reliability in the 
strain gauge measuring technique. 
It is instructive to note what happens to the specimen after the 
passage of the primary 100 ps tensile pulse through it (Figure 7.13A) 
and is best understood by consideration of the various ccmpressive and 
tensile pulses travelling up and down the bars (Figure 7.15). The 
-I 
I' 
latter figure represents the same test as Figure 7.3 but has a 
recording time of ten times longer to include more stress pulses. 
Initially, in the test, the specimen strain reaches 4.07% (Figure 
7.13A) and stays roughly at this level until the reflected wave, ER 
returns back from the free end 400 vs later, as a second tensile pulse 
which increases the strain to 4.65%. Another 400, ps after that a third 
tensile wave arrives at the specimen at the same time as a compressive 
wave produced by the reflection of the primary transmitted tensile 
wave cT from the impact end of the SHPB line. The compressive wave 
dominates since now the sample is unprotected by the collar and the 
strain falls back to 3.7%. Thereafter, compressive and tensile waves 
arrive at the specimen simultaneously thereby cancelling each other 
out. As the waves in the pressure bars decay exponentially, the 
specimen strain levels out to 3.95%. Ogawa (1985) has made use of 
these multiple stress waves in a similar SHPB arrangement to perform 
dynamic tensim-compression tests on steel and aluminium. He found 
that the strain rate effect in the tensile loading (or reverse 
loading) was almost the same as that during the initial compressive 
loading. It was also found that the tensile loading was always 
associated with a reduction of yield stress. 
7.6 CCWLUDING SUMMARY 
This chapter has reviewed the more important methods of tensile 
testing materials at dynamic strain rates used at the present time. A 
description of how the Loughborough SHPB system can be modified for 
tensile testing has been given and a detailed assessment of the 
accuracy and limitations of this system has been made. It has been 
found that a gauge length, IT of 6.8 mm, as opposed to 7.8 mm, is 
more appropriate to the strain analysis of the 224 steel tensile 
specimens. 
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The actual true stress versus true strain results for the tensile 
tests described here are presented in Chapter 9 where they are 
compared with the compression results at room temperature and 
corresponding strain rates. 
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CHAPTER 8 
DEEASUREMENT OF ADIA13ATIC TEMPERMUM RISE IN COMMESSION TESTS 
8.1 INMDLCrION 
When material specimens are compressed beyond their yield point, 
virtually all the work of plastic deformation is converted into heat. 
If the deformation takes place slowly, 10-2 S71 say, then any heat 
generated within the specimen will be lost at the same rate to the 
surroundings by means of natural cooling and hence there will be no 
overall change in temperature of the sample itself. A ocapression test 
under these conditions may be considered ISOTHEFML. However, if the 
deformation takes place at a high strain rate, as in a SHPB test 
(duration E 100 11 s, ý> 100 s7l in the Loughborough system) then there 
will be insufficient time for the heat to escape and the specimen 
taTerature will rise accordirxi to the level of strain. A ocapression 
test may be said to be PýDIABATIC if the strain-rate, is 
sufficiently high that no heat is lost during the test itself. 
Few workers have ocnsidered the importance of adiabatic heating in 
ocirpression testirxj at high strain rates but in some materials the 
temperature rise may be large enough to cause an appreciable reductim 
in flow stress. Follansbee (1986) has calculated that in a Hopkinson 
Bar test at ý= 5000 s-1 on a sarrple of Nitrcnic 40 stainless steel 
the decrease in flow stress, Aa y at a strain of 20%- may be as much as 
168 MPa (wherea y= 1200 MPa) due to the expected temperature rise of 
only +62QC. 
Clearly then, it is important to remember the difference between 
isothermal and adiabatic testing when ccnIparing a versus c curves at 
different strain rates since their shape in the plastic region may be 
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influenced by the thennal ccrxUtim of the test piece. This idea is 
developed further in Chapter 9. 
8.2 ADIABATIC STRESS AND ADIABATIC STRAIN-RATE, 
ýA 
Adiabatic shear is said to occur at the point at which the loss of 
strength due to adiabatic heating exceeds the gain in strength due to 
strain hardening and strain-rate hardening. The effect is usually 
localised. Frost and Ashby (1982) have derived an expression for the 
critical strain, cc above which adiabatic shear may occur: 
-ý a ec cr 1; ýl 
e, Z 
(8.1) 
where n is the work hardening expcnent, CP, the volume specifir_ heat 
at ccnstant pressure, cr y is flow stress and T is temperature. 
For carbcn steel: Cý = 3.69 x 103 j/m3 oC (fran 'Tables of Physical 
and Chemical Ccnstants' by Kaye and Laby). 
For carbon steel, n --: 0.27 for 
;=3.8 
x 10-4 s7l. 
CUlver (1973) gives a typical value of aay/aT for mild steel of 633 
kN/m2 OC. Substituting these values into equation (8-1) above gives 
cc -: 1.57 
This is high, corresponding to an engineering ocrrpressive strain of 
about 80% and is hardly a realistic value of C. as me would not 
expect 30y/DT to remain constant at such high strain levels. However, 
the large value of cc calculated strongly suggests that under most 
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compressive testing conditions the softening of 224 carbon steel and 
similar mild steels due to adiabatic heat generation will never equal 
the level of strain hardening. This is indeed the case for all tests 
described in this paper but at high strain-rates adiabatic thermal 
effects may account for a significant reduction in flow stress, a Y. 
The condition for adiabacity (i. e. no heat loss from the test specimen 
to the surroundings) is met when the strain rate exceeds a critical 
00 
value, F-A* The value of cA may 139 calculated by a number of methods 
but all of them involve solving the heat balance equation which 
relates the plastic work input with temperature rise in the sample and 
heat lost to the surroundings. 
Figure 8.1 shows a cross-sectional view of the general compression 
testing arrangement which is for the ESH method. In ESH testing the 
heat sinks shown in the figure are the one inch steel rollers referred 
to in Section 3. For the SHPB method the heat sinks are the two ends 
of the half inch diameter Hopkinson bars themselves. 
At first sight it may appear that the determination of the tenperature 
profile in time with the simple geometry of Figure 8.1 is trivial, 
however a correct solution requires the solving of the expression: 
V, 2T + 
ýv 
1 BT 
T- 5 '5-t (8.2) 
where T= temperature of the sample, qv = rate of heat generated in 
the sample per unit volume, K= thennal conductivity of the sample, 
t= time and D= thermal diffusivity of the sample which is defined 
by: 
JL (8.3) 
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where P= density and Cp = mass specific heat capacity of material at 
constant pressure. Note the difference between Cp above and the 
volumetric heat capacity, Cý of equation (8.1); the two are related 
sinply by: 
I 
Cý P CP (8.4) 
Detailed solutions of equation (8.2) as applied to cylindrical systems 
may be found in the book by Carslaw and Jaeger (1959). Here it 
suffices to deal only with simple approximations. 
The rate of heat loss, q of a test specimen will be proportional to 
the difference,, &T, between its temperature, T, and the temperatilre of 
the surrourdings, Ts. Since conduction into the platens is the major 
heat loss, mathematically this may be written most simply as: 
j= AhAT(t) (8.5) 
where A= cross-sectional area of the sample, h= overall heat 
transfer coefficient and AT(t) may be written: 
AT(t) = T(t) - Ts (8.6) 
Geiger and Poirrer (1973) show that for a cylAndrical system similar 
to that of Figure 8.1, h is approximately given by: 
(8.7) 
where R= radius of the cylindrical smple. 
The heat balance equaticn, for a sample under ccmpressicn can now be 
written: 
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I 
VCp dT + 4dt = Va y 
(c)dc (8.8) 
where V= volume of sample. Substituting in for 
j and integrating: 
tF CF 
VCý CTF -TS) + 21TRK 
f AT(t)dt =Vf0 (C)dC (8.9) 
00Y 
where subscript IF' refers to finn' sarrple temperature, strain etc, 
and tF is the duration of the test. 
Frost and Ashby (1982) continue their analysis with cc to solve 
equation (8.9) and find the critical strain-rate 
ýA for adiabaticity 
is very approximately 
4 CCK 
CýR2 
(8.10) 
Substituting in the values c. = 1.57, K= 48 W/mOC, Cý = 3.7 Mj/m3 OC 
and R=5 mm gives: 
3.3 s-1 
which is close to the maxirmn rate achievable on the ESH machine! 
It is instructive to note that for the adiabatic case the middle term 
in equation (8.9) disappears and one should expect the total 
temperature rise, ATF in the sample to be given by: 
1 T '2 TF - Ts F* 
CF 
f cr y 
(c )d c 
0 
The equation above (B. 11) has been used to determine the graph of 
ATF(OC) versus c (%) at ;= 2088 s-1 in Figure 8.2. The integral on the 
right hand side of the equation was evaluated by measLwing the area 
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0 -1 
under the cy versus c curve (Figure 
9-9) at c= 2088 s for various 
strain levels extrapolating to c= 40%-. 
It can be seen that the curve of Figure 8.2 is virtually linear and 
this linearity may be represented quite accurately (± 0.! 50C) by 
ATF(OC) = 2. lc (%) -4 
for e> 10%-, ý= 2088 
2088 S-" is just about the highest strain rate achievable with 224 
carbon steel 10 x5m samples tested on the uYughborough SHPB and 
thus should produce the largest temperature rise. It is important to 
note that the 10 x5 mm samples are not usually strained beycnd 16%-, 
thus cne should expect the temperature rise to be below +30PC for most 
shots. Cn the other hand, the 8x4 mm specimens which have been used 
can reach true strains of between 32-36%- at their highest strain-rate, 
of 4500 s-1 and so may reach temperatures up to +700C above ambient, 
in which case significant flow stress reduction, Acr y may occur. 
8.3 EXPERIMENTAL PROCEDURE FOR MEASURING THE TEMPERATURE RISE IN 
SAMPLES DURING COMPRESSION 
During the elevated temperature testing at 1500C on the ESH machine in 
which a K-type thermocouple was strapped firmly with several loops of 
wire to the surface of the sample it was observed that the surface 
temperature would rise by a few degrees during compression. This 
initial observation. was followed up by drilling 0.77 m bore holes 
through the sides of ten 10 x5 mm samples, mounting 36 SVr,, (diameter 
0.2 mm) K-type thermocouple wires inside them and hence recording the 
temperature rise, '6TESH during compression at a variety of rates. 
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The thermocouple was held fast in each hole by the application of a 
thin smear of 'Aralditel to the two wires before insertion after which 
the orifice of the hole was sealed off with a larger mass of 
'Aralditel. It was found that 0.75 mm was the smallest diameter of 
hole which could be drilled without breaking the drill itself, though 
this inevitably meant that the thermocouple only occupied about 15% of 
the volume of the hole the rest being mainly air. Later on it was 
found that this particular configuration was not ideal but 
nevertheless formed a useful starting point. 
The leads of the thermocouple were connected directly to a JJ 
Instruments 6525 recorder which had a maximum voltage resolution of 
±2 PV on its most sensitive scale and so was sufficiently accurate to 
nxx-iitor temperature changes frcm the thermocouple (output -: 40 pV/OC). 
An advantage of the ESH machine was that since its output gave load 
versus displacement for each ocrnpression run it was a simple matter to 
calculate the expected temperature rise, 'ýTESH, from the area under 
the curve (= energy input) divided by specific heat, In all these 
t1jermal tests ATF 
. SH 
= (71 ± 1)OC assuming adiabaticity, for a final 
strain of 36%-. 
8.4 RESULTS FROM ESH THEMIM TESTS 
Figure 8.3 shows a typical chart recorder trace of then=ouple emf 
versus time at a displacement rate of 2 mm/s (ýN0.4 s-1). Since the 
total displacement was only 2 mm, the duration of the test was a single 
second which is precisely the time for which the thermocouple output 
rises before decaying away because of conductive cooling of the sample 
through the steel rollers. The slight kink in the upward rise of 
thermocouple emf was a feature of most of these thermal records and is 
thought to be due to an effect caused by the hole in the sample 
closing up. 
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Figure 8.4 shows the trace for which A TESH was greatest, i. e. +430C. 
This was recorded at a displacement rate of 20 mls (ýE3.4 s-1) in 
which the test duration was only 0.1s. Some time afterwards it was 
discovered that the maximum writing speed of the chart recorder, 50 
cms-1 was insufficiently fast to cope with such a rapid rate of rise, 
evidenced by the fact that the trace in Figure 8.4 takes 0.3s, instead 
of 0.1s, to reach maximum temperature. Hence it must have taken the 
chart recorder an extra 0.2s to catch up with the therm=)uple emf in 
which time, of course, the sample would have cooled appreciably. It 
is possible to determine a rough estimate of the temperature the 
sample actually reached by fitting an exponential cooling curve to the 
trace for the first 0.2s after the maximum ATESH is reached and then 
extrapolating this back for the 0.2s before maximum '&TESH is read-led, 
When this approximate calculation is performed it is found that ATESH 
= +660C is a more representative temperature rise at this strain-rate. 
The best method of checking this would have been to use a transient 
recorder in conjunction with a dc amplifier to amplify the 
thermocouple signal; however since no suitable amplifier was 
available for use with the ESH machine this was not possible. 
The corrected rise of +660C indicates that the process is almost 
adiabatic at this strain rate, as +710C is predicted frCm the actual 
load displacement curve. Figure B. 5 is a graph of mean values of 
CESH versus strain rate frcm the ten ESH ltheiýmall tests and includes 
the correction. Extrapolation of the curve to intersect with '&TESH 
71 gives the critical adiabatic strain rate: 
cA 1- 4 s-1 
This value compares very well with the theoretical value deduced 
earlier i. e. ýA -= 3.3 s-1 frcm equation (8.10). The fact that 
ýA as 
measured frcm the graph is larger merely suggests that the actual heat 
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transfer coefficient, h, for the sample is slightly higher than given 
by equation (8.7). Certainly the rapid cooling in Figure 8.4 shows 
that the conductive heat transfer frcxn the sample to the steel rollers 
is very efficient. 
8.5 THE MEASUREMENT OF TEMPERATURE RISE IN HOPKINSON BAR Mg 
8.5.1 Chart Recorder Results 
The first three shots on the Hopkinson bar to measure the temperature 
rise in the sample, A TSHpB were carried out under similar conditions 
to the ESH 'thermal' shots, the thermocouple being stuck in 0.75 mm 
holes with 'Aralditel and connected directly to the same chart 
recorder as used previously. All three were performed at maximum ýz 
2088 s-1. The temperature rises measured in this way were in very good 
agreement with those predicted by equation (8.12), see Table 8.1. 
Diniensions Final True Recorded MKpected * 
of Samples Strain Temperature Rise Temperature 
(MM) CF ( oC),, ATSHPB Rise (OC) 
1) 10 x5 12.3 +21 +21.8 
11) 10 x5 13.0 +22 +23.3 
111) 8x4 31.7 +60 +62.6 
* Expected AT has been calculated frcm cF using equaticn (8.12). 
TABLE 8.1: SHOWING TEMPERATURE RISES IN THREE HOPKINSON BAR SAYPLES 
RECORDED USING A JJ INSTRUMENTS CR6525 CHART RECORDER 
Figure 8.6 shows the actual record for the 8x4m sample in Table 
8.1. The traces for the 10 x5m sample shots were very similar in 
shape except of course that the level of thermocouple emf was lower. 
.I-t !I- -4v ý, 
FIG 8.6 Thermocouple trace recorded during a SHPB shot on an 8x 4mm sample, 
at 36ms-1 projectile velocity. Thermocouple eventually indicates a rise 
of +60'C after which there is slow air cooling of sample detatched from 
the bar. Test duration = 100ps. Permanent sample strain = 27.2Z. 
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All three records had the characteristic rapid rise to a peak followed 
by a dip then a more gentle rise to the maximurft ATSjpB. The very slow 
rise time (approximately 9s in Figure 8.6) for the thermocouple emf 
trace to reach maximum ATSHPB is surprising since on the time scale of 
the chart recorder (0.5s per cm) me should expect the signal to reach 
the maximum after n-0.35 ms (the fastest chart response) as the test 
duration time is only 100 vs, after which no further work is done on 
the sample. 
The presence of a peak in the record is believed to be due to an 
effect caused by the hole closing up as in the ESH records. it is 
important to note also that the rate of cooling after the maximLm 
temperature has been reached is much slower here than in the ESH 
arrangement. This is because, a short time after the incident stress 
pulse has passed through the SHPB sample, the latter drops free of the 
bars and becomes suspended in mid-air while still attached to the 
thermocouple leads. Hence thermal contact with the bars, which act as 
good heat sinks, is lost and the convective cooling in air is much 
slower. 
8.5.2 The Response Time of K-Type ("Chrcrnel-Alumel") Thermocouples 
The extremely long rise time of Figure 8.6 calls into doubt the 
response time of the thermocouple itself and. poses the question of 
whether it is reasonably possible to measure temperature rises in SHP13 
samples inside 100 ps using such a device. In answering this problem 
careful consideration must be paid to several aspects of the 
thermocouple arrangement described in use so far. As well as the 
response time of the bare wire thermocouple, the effects of the 
'Aralditel and air in the hole need to be assessed. These features 
are discussed broadly in the following pages. 
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Only a small amount of literature exists on the response time of 
thermocouples and its measurement. Palmer and Turner (1966) have 
investigated the response of thermocouple junctions to shock waves of 
pressures between 50 and 300 Kbar but always found that the 
themocouple emf's were far greater than could be expected from the 
tenperature rise alone. Wormser (1960) has measured the response time 
of various thermocouples by immersion in a water bath at constant 
temperature. 
Theoretical determination of the response time of a thermocouple 
involves the solving of the heat balance equation (8.2) without the 
heat generation term: 
V2T =1 
BT 
D 3t (8.13) 
Benedict (1977) sbows that the solution, for a temperature sensor (such 
as a thennocouple) may be written: 
t 
Ce-t/T f T. et/T dt 
0 
where T= temperature of thermocouple and T. is the temperature Of the 
ermiror-mlent, both at time t, C is a constant of integration and T is a 
first order thennal time constant. 'r is often used to charac: terise the 
response time of a thermal sensor and is defined for all thermal 
-sensors by 
.r= pvcb (8.15) hA 
where P is density, V is volume, Cp is specific heat of the sensor, A 
is the area of fluid film around the sensor and h is the heat transfer 
coefficient. Clearly h will depend on the thermal contact between the 
fi 
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A) A bare 36swg K-type thermocouple immersed in a 
water bath at 72'C, from room temperature. 
Horizontal scale: 10ms/division 
Vertical scale: 0.5mV/division = 12.5'C/division 
Total temperature rise indicated = +46'C 
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B) Same thermocouple as above but embedded ir. araldite 
and immersed into a water bath at 800C. from room temperature. 
Horizontal scale: 400ms/division 
Vertical scale: 1mV/division = 25'C/division 
Total temperature rise indicated = +50'C 
FIG 8.7 The time response of three thermocouples when immersed 
suddenly into a constant temperature water bath. 
C 
C: The response of O. 1mm K-type thermocouple wire 
when immersed suddenly into a water bath at 80'C. 
(from room temperature). 
Horizontal scale: 2ms/division 
Vertical scale: 1mV/division = 250C/division 
Indicated temperature rise = +59'C 
FIG8.7(cont): The Time Response of Three Thermocouples when Immersed 
Suddenly into a Constant Temperature Water Bath. 
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sensor and the mediun whose temperature it is tryirxj to measure. For 
the thermal measurements described in this paper h will depend on the 
air/'Aralditel content in the holes. 
For an "instantaneous" step change in temperature T, -* T. (such as 
when a thermocouple is plunged into a constant temperature bath) 
equation (8.14) reduces to: 
k 
Te -T= (Te - Tl)e-'/T (8.16) 
T is the time for the thernmouple tenperature, T to reach 63%- of Te 
and for all practical purposes T will equal T6 after about 5T. 
A simple experiment was performed to observe the difference in 
response between a bare wire 36 SWG K-type thennocouple, the same 
thermocouple surrounded by a layer of 'Aralditel and a fine wire 
(diameter = 0.1 mm) K-type the=)couple when suddenly inmrsed in a 
constant temperature water bath. The results are displayed in Figure 
8.7. 
All three responses have exactly the shape one would expect from 
equation (8.16). Table 8.2 gives the values of. T as measured frcm the 
three photographs. 
A) 36 SVn bare wire B) 36 SWG thermocouple C) Bare Fine Wire 
thermocouple coated in 'Araiditel thermocouple 
(dia = 0.2 rnm) (dia = 0.1 mm) 
k (rns) 10 400 2 
TABLE 8.2: VALUES OF T FOR THERMOCOUPLES PLUNqED IN CONSTANT 
TEMPERATURE WATER BATH 
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Table 8.2 illustrates the marked effect that 'Aralditel has on slowing 
the response time of the 36 SWG thermocouple. In the light of these 
elementary results it was decided to desist from using Araldite to fix 
the theznxx=ples in sample holes and to make more use of the fine 
Ichromel-Alumell wire which had now become available. The figures in 
Table 8.2 do not represent the absolute response times of the 
thermocouples in question since their immersion into the constant 
temperature bath is far frcm being instantaneous. Ultimately the 
value of T by this method of experimental analysis depends on the 
limmersion velocity' i. e. h is time dependent. 
An idea of the response time of K-type thermocouples to a step 
twperature input (T, -* T. ) may be gained by calculating theoretically 
the time it takes for the chrcmel and alumel leads to come into 
thermal equilibriun with the surroundings. Consider each wire as being 
an infinitely long cylinder of radius, r=a. Appropriate boundary 
conditions are that at time t=0 the temperature at the surface of 
the cylinder (r = a) is maintained at T= Te. The solution of equation 
(8.13) as applied to these conditions is given by Carslaw and Jaeger 
(p. 199) as: 
-Da2 t 
T= Te - 
2Te 
eni o(ran) 
A n=l an Jl (acýn5 
(8.17) 
where JO and J, are Bessel functions with roots an and D= themal 
diffusivity of the cylinder. 
Carslaw and Jaeger present the solution to the equation (8.17) above 
as a familY Of curves relating the ratio T/Te with r/a. Here we are 
concerned with the temperature, T e, at the centre of the wires, at 
r=0. Table 8.3 gives the solution at this point. 
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TC/Te ryr 
a2 
0.98 0.80 
0.95 0.60 
0.84 0.40 
0.72 0.30 
0.50 0.20 
0.34 0.15 
0.155 0.10 
0.08 0.08 
0.03 0.06 
TABLE 8.3: SHCWIWG THE RELATIONSHIP BEIWEEN THE RATIO Tc/Te AND THE 
DIMENSIONLESS PAJU*=R WHICH IS PROPORTIONAL TO TIME, t 
(Fran Carslaw and Jaeger, p. 200] 
in Table 8.3 is given by: 
Dt 
a2 
(8.18a) 
Rearranging: 
t= a2ý 
D 
(8.18b) 
Hence it can be seen that the response time of a thermocouple varies 
as the square of its radius and the reciprocal of its thermal 
diffusivity. From Table 8.3, curves of TC/Te versus time, t, have been 
drawn up for the 36 SWG (a = 9.5 x 10-3 cm) and the fine r (a = 5.5 x 
10-3 cm) thermocouple wire in Figure 8.8. Figure 8.9 shows the 
approximate theoretical response of the 36 SVG thermocouple surrounded 
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uniformly by a 0.1 m cylindrical layer of 'Araldite'. The physical 
data necessary to deduce D in the determination of all three curves is 
given in Table 8.4. 
A) 36 SWC, wire B) 36 SWC7 thermocouple C) Fine Wire 
thermocouple coated in a 0.1 mm thermocouple 
layer cf Araldite (0 = 0.1 mm) 
týs(ms) 1.28 65.6 0.428 
TABLE 8.5: THEORETICAL TIMES (t98) FOR (: E24TRE OF THERMOCOUPLES TO 
REACH 98%- OF THE SURFACE TEMPERATURE T. WHEN A STEP RISE 
IN TEMPERATURE IS APPLIED Tl -*Te 
Table 8.5 gives the theoretical times for the thermocouples under 
consideration here to come into thermal equilibrium with their 
surroundings when a step rise in temperature is applied. The figures 
serve as rough estimates of the likely response time of the 
thermocouples in practical use when transient temperatures are 
present. The 'actual' response may be faster than the values suggest 
since a welded thermocouple junction will begin responding first to 
its surface temperature change and not at the internal centre of the 
junction. However to offset this me should remember that the heat 
transfer frcm the surroundings to the thermocouple wires will never be 
100% efficient. Hence it is felt that Table 6.5 serves as a useful 
guide to the typical response times likely to be met with in practice. 
We should not expect, therefore, that the thermocouples considered 
here be able to reproduce the teziperature-time profile inside a 100 ps 
Hopkinson bar test, though they should record the maximum temperature 
reached. 
It is gratifying to note that the times in Table 8.5 are roughly in 
proportion to the time constants, -r of Table 8.2, i. e. 
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5, r 
t9s = 
30 ±8 
Since 5T is the time to reach 98%, this ratio should be 1 in theory. 
8.5.3 Transient Reoorder Results 
In the light of the preceding work and the dubiety which existed in 
the chart recorder results (Table 8.1) it was decided to carry out 
further temperature rise, A*TSHpB, measurements using a similar but 
improved experimental arrangement incorporating a Datalab DL902 
transient recorder. For these tests 0.75 mm bore holes were drilled 
right through 10 x5 mm and 8x4 samples which were then filled by a 
mass of soft solder. The samples were heated on a large iron to a 
temperature of about 20CPC at which point the solder melted and the 
bare wire thermocouples (absolutely no Araldite) were placed directly 
into the molten solder, removed from the heat and allowed to set. Both 
the 0.1 um fine and 36 SWG wire were used in the tests. 
In this fashion it was hoped to banish all air from the holes and 
ensure good thermal contact (high value of h) between the thernxx)ouple 
and the surrounding steel. In fact solder is a particularly good 
conducting material to use for this purpose spce it has the highest 
thermal diffusivity of all substances considered here (see Table 8.4). 
During the ccmpression shots themselves the thennocouple signals were 
amplified 25X through one channel of a 556 Textrcnix oscilloscope 
before being passed on to the transient recorder. Shots were fired at 
the highest projectile velocity, i. e. 37 ±3 ms-1 so that the largest 
strain and hence largest possible temperature rise was observed. The 
resulting photographic records are slxmn in Figure 8.10. 
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on the noise free records the temperature was measured at the maximum 
in the signal. On the records where noise was present the temperature 
was read off at the most 'stable' point on the trace. In photograph I 
it was not possible to measure any sensible temperature as this 
particular record was 'swamped' in noise. 
(A) was the first thermal shot recorded in this way with the transient 
recorder timebase set to a slow value 4s total sweep) comparable 
with the chart recorder timebase used previously. Clearly on this tJjm 
scale the rise is "instantarAx)us". After this first shot the following 
tests were carried out with progressively shorter timebases so that in 
the last shot (K) the total sweep was just 2 ms. 
On a number of the traces, most notably (D), (G) and (J), a varying 
amount of noise appeared before the thermocouple reached a stable dc 
emf . This made it difficult to measure the time constant T at the 
point at which the thermocouple signal reached 631% of its stable 
level, and in the cases named above was impossible. Strangely enough, 
most noise was always produced in the 36 SVIG themmcouple. The noise 
was caused by the mechanical shock to the thennooouple, though the 
varying magnitude and nature of it is difficult to explain. 
The important features of the photographic results are summarised in 
Table 8.6. The most impressive outcome is how well the measured 
temperature rises agree with those predicted frcm the final strains, 
CF (equation 8.12). The worst discrepancy occurs in shot (D) where the 
measured ATSHPB is 60C lower than ATF* ýbst values of ATSHPB are 
lower than as one would suppose that heat transfer from the steel 'TF 
to the thermocouple is not 100% efficient and also that there may be 
some slight conductive cooling in the time it takes for the 
thermocouple to respond. The excellent agreement betweenCSHpj3 and ATF 
means that equation (8.12) may be used to predict temperature rises in 
future tests with confidence. 
194 
Lastly, it is pleasing to see that values of T in the fine wire 
thermocouple tests are of the same order as suggested by the empirical 
and theoretical ocnsiderations of Section 8.4.2. 
8.6 SUMMARY 
This chapter has demonstrated the significance of adiabatic 
temperature rise in test samples during compression at room 
temperature. Reliable temperature measurements inside specimens have 
been made, the results of which agree remarkably well with the theory 
indicating that nearly all the work of plastic deformation is 
corrverted into heat. The critical strain-rate, 
;A for adiabatic heat 
generation to occur in compression tests using the Loughborough 
facilities has been shown to be about 4 s-1. 
An interesting aside to the experiments described in this chapter has 
been the determination of the time constant, T, of a fine wire 
then=ouple - something which is practically difficult to achieve. 
In the next chapter, the effect of adiabatic temperature rise during 
ocnr-mvzsion on the flow stress is investigated and is shown to cause a 
marked reduction in strength at low test temperatures. 
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CHAPTER 9 
RESULTS 
9.1 INTRODUCrICN 
This Chapter presents all the stress-strain results fran 224 steel 
obtained throughout the course of the project covering a strain-rate 
range of 10-4 S-1 to 5000 s-1 and a temperature range 163K to 573K. 
Here the results are collated and analysed in sqm detail. Ccmpariscn 
with the results of other workers on steels of similar composition 
indicates that thermally activated mechanisms play an important part 
in the mechanical behaviour of 224 steel at high strain-rates. First, 
the source of the specimens used in these tests should be indicated. 
In January 1987 two billets of carbon 224 steel were received fran the 
UKAEA (Winfrith). Figure 9.1 shows photographs of both billets which 
were near semi-circular slices of steel and labelled lBl and 2Bl. 
Each billet was divided up into clearly defined segments fran which 
the specimens were extracted. A logical cylindrical coordinate system 
(Z, R, B) was devised so that the exact original location in the billet 
of each sarrple was krx=. The system is illustrated in Figure 9.2. 
Two types of sample were cut out frcm two orthogonal planes within 
each segment denoted by the coordinate 0. Samples were termed 
'Parallel Axis' (PA) for those cut in a direction parallel to the 
central axis of the billet and 'Radial Axis' (RA) for those samples 
cut in a radial direction as shown. Out of the 500 specimens 
extracted in total only 24 were tensile test pieces of the type shown 
in Figure 5.2 and all of these were removed frcm, segment 9 (i. e. 0 = 
9), 12 being cut in the radial direction, the other 12 being cut in 
the parallel direction. 
FIGUREMA Photograph of the two steel billets 1B1 and 2B1 
received from U. K. A. E. A. (Winfrith). 

FIGUREMB Photograph of 2B1 showing how it was divided 
into segments for the extraction of small 
cylindrical samples. 
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As can be seen from Figure 9.2 no samples were taken frcm within 15 nTn 
of the outer circumference of the billet since the strength of steel 
in this region may have been susceptible to effects of inhcmogeneous 
cooling and composition during manufacture. Initially, the plan was 
to test samples from both billets (lB1 and 2B1) and compare the 
results frcm each. However, an expanded testing program over a larger 
range of temperatures and strain-rates than originally anticipated 
meant that there was only sufficient time to test samples from 2BI. 
The cylindrical compression specimens were manufactured in the 
Department of Physics' mechanical workshop. Two sizes were made, 8 mm 
diameter x4 mm length and 10 mm diameter x5 mm length. The smaller 
samples proved useful in producing a larger strain rate in the SHPB 
tests and a larger final strain in the Instron tests. Samples were 
machined on a lathe which used coolant to ensure that high 
temperatures which may have disturbed the internal structure of the 
steel were not incurred. After cutting the samples were finely ground 
to produce smooth flat parallel faces. They were not heat treated in 
any way before being mechanically tested in compression. An account of 
the quality of the surface finish of the samples was given in Section 
3.2. 
The tensile test pieces were prepared in the Department of 
ý%nufacturing Engineering and similarly were not heat treated before 
testing. 
9.2 THE SPLIT FMPKINSON PRESSME ELAR (SHPB) RESULTS 
9.2.1 Rocxn Temperature Ccapression Results 
In Chapter 4, Figure 4.15, photographs were shown of 4 typical sets of 
SHPB pulses recorded at 4 different projectile impact velocities. 
Figure 4.16 showed the oscillation free quality of pulses achievable 
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in the Loughborough SHPB system when a type 431 martensite steel bar 
was used before the loading bar with elastic bands providing a 
restoring force between all the bar and specimen faces. The 
accompanying true stress-true strain ocmputer plot in Figure 4.16 
shows how there can be no uncertainty in the level of stress when such 
'clean' pulses are recorded. More important is the unequivocal 
definition of upper and lower yield point. 
Unfortunately, it was not possible to rid every SHPB test of 
Pocbhanyner-Chree oscillations ocapletely. Figures 9.3 to 9.7 show a 
ocmplete set of SHPB results at rocm, temperature over the strain-rate 
range 83 s-1 to 2317 s-1 on 10 x5 mm specimens. Figures 9.3 to 9.7 
represent the definitive set of SHPB results at rocn temperature and 
were obtained only after prelimiroxy investigations had been carried 
out on a batch of unlubricated 10 x5m samples and a batch of 8x4 
m s&rples. 
Clearly the stress-strain curves in Figures 9.3 to 9.7 have been 
grouped according to the strain-rate, ;, at which each curve was 
obtained. The strain-rates correspcnding to the curves in each group 
are listed at-the top of each graph. Strain-rate as used here 
represents the mean plastic strain-rate for each test and was 
calculated frcm the difference in strain at 20 us and 80 us divided by 
60 us. Figure 9.8 illustrates the calculation for the group of strain 
versus time curves which resulted frcm. the tests in which the group of 
stress versus strain curves in Figure 9.7 were obtained. 
Figure 9.8 is typical of all SHPB results grouped in this way at 
different temperatures and strain-rates. Throughout the 100 Ps 
duration of each test the strain-rate is fairly constant apart frcm 
the initial part where the specimen is still elastic. The time for 
which the specimen is elastic at the beginning of the test depends 
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largely on the yield stress which in turn depends on the test 
temperature and so may vary between 10 4s at around 573K and 20 Ps at 
163K. Hence the slope of the strain-time curve for the time between 
20 ps and 80 4s should give a reasonable mean strain-rate for each 
test under all temperature and strain-rate conditions comidered here. 
It is possible to determine the mean elastic strain-rate, ýe 
corresponding to the portion of the test before yield. This was done 
in the preliminary trial tests on a batch of 10 x5 mm samples 
(unlubricated) and a batch of lubricated 8x4 mm samples (Dixcn, 
1988). For each test the upper yield stress was noted and divided by 
the Young's Modulus for the 224 steel (i. e. 200 GPa at room 
temperature) to give, the yield strain, F_ y. This figure was then 
divided by the time, -r y taken for the upper yield stress to be 
reached, thus giving elastic strain-rate, ý, * This method of 
determining the strain at upper yield was used because of the 
difficulties inherent in the SHPB method for determining accurately 
the small strain associated with the elastic responses. Then 
c 
= :x (9.1) 
Values of ce were averaged for each strain-rate group and are 
presented in Table 9.1 alongside the mean plastic strain-rates. 
There are several important points to note from Table 9.1. There is a 
substantial difference between ýe and plastic strain-rate,; p and the 
disparity increases at larger plastic strain-rates. Furthermore, the 
elastic strain-rate is only moderately sensitive to projectile inipact 
velocity and between irnpact velocities of 31 and 37 ms-1 there is 
virtually no difference in ;e whereas the plastic strain-rate 
increases by 44% over this range for the 10 x5 mm batch. For this 
reason and because ýe depends on the upper yield stress which may be 
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distorted by Pochhamner-Chree oscillat can be considered a 1 ce 
poor and unreliable measure of strain-rate. Thus in all further 
discussion the term 'strain-rate' may be assumed to be the mean 
plastic strain-rate as determined graphically (Figure 9.8) unless 
otherwise stated. 
Table 9.1 displays the obvious advantage of using 8x4m specimens 
so that higher strain-rates and final strains can be achieved. 
In Figures 9.3 to 9.7 it can be seen that each stress versus strain 
curve is labelled by an eight character code, for ex&rple in Figure 
9.6 the codes for the two curves are 34SP513Z and 30SR423Y. The first 
two numbers in the code indicate the projectile in-pact velocity for 
the shot in ms-1. The third character is either IS' or ID' indicating 
whether a steel or duralumin projectile was used. In actual fact the 
steel projectile was used in all the SHPB ccnipression tests while the 
duralumin projectile was only employed in the last few tensile tests. 
The next letter in the code is either 'R' or 'PI denoting the type of 
specimen tested, either radial axis or parallel axis respectively. The 
three, numbers which follow this represent the (Z, R, 8) coordinates of 
the original specimen location within the 2B1 billet according to the 
scheme depicted in Figure 9.2. The last character in the code is 
always a letter and was chosen to indicate the number of shots 
Performed at a given set of conditions. 
Thus returning to one of the codes quoted above, 30SR423Y indicates 
that this particular test was performed using a steel projectile whose 
impact velocity was 30 ms-1 (± 1 ms-1) and the sample used was of 
radial axis type i. e. RA (4,2,3). Figures 9.3 to 9.7 show that stress 
versus strain results for the two different types of sample, radial 
axis and parallel axis, were in agreement with each other at a given 
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strain-rate. Hence the material properties appear to be isotropic and 
independent of sample orientation within the 2Bl billet. This was 
first concluded after the preliminary tests on a set of 10 x5 mm and 
ax4 mm samples (Dixon, 1988) and therefore in all the analyses on 
SHPB results the curves from 'radial-axis' and 'Parallel-axis' have 
been grouped together according to a common strain-rate and not 
separately. 
Figures 9.3 through to 9.7 also show that although Pochhammer-Chree 
oscillation is sometimes present the consistency of the curves for a 
given plastic strain-rate is good. The total variation in stress for 
a particular group of curves is usually less than 30 MPa which is 
approximately 5%- of the maximum flow stress at room temperature. In 
each figure a mean curve has been fitted by judgement of eye after 
first shifting all the curves in each set over to the left so that 
their respective upper yield points all lay on the straight line of 
equation: 
a= Ec (9.2) 
where E is the Young's nx)dulus: of 224 steel (i. e. 200 GPa at . 
rom 
temperature). 
The shifting process is not shown in Figures 9.3 to 9.7 but the 
resulting mean curves are. It was felt that this subjective method of 
determining mean curves was more accurate than any numerical averaging 
Procedure which may have produced final stress versus strain curves 
distorted by PochhamTer-Chree oscillations present in the original 
records. 
The rnean curves drawn in Figures 9.3 to 9.7 are shown collectively in 
Figure 9.9 together with a mean quasistatic curve frcm the Instron 
tests. Figure 9.9 is the definitive set of ccmpressicn results at 
room temperature. 
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9.2.2 Effects of Lubrication 
in the preliminary trials, the first twenty one 10 x5 rrrn specimens 
werenot lubricated before being tested. The mean true stress versus 
true strain curves for this initial batch are shown in Figure 9.10 and 
were obtained in an identical manner as described for the mean curves 
in Figure 9.9. Ccmparing Figure 9.10 with Figure 9.9 one finds that 
the curves for the unlubricated specimens (Figure 9.10) are 
consistently above the corresponding curves at approximately the same 
strain-rates in Figure 9.9. The upper and lower yield points in 
Figure 9.9 are typically of the order of 80 MPa (z- 1396) above their 
counterparts in Figure 9.10 while the flow stresses beyond yield are 
about 50 MPa higher (! --.! 896). These observations are consistent with 
the findings of Ellwood (1983) on 321 stainless steel specimens. He 
found that light silicone grease was the most'effective lubricant at 
room temperature. Thus, in the experiments described here a light 
silicone spray was used to lubricate specimens in tests at room 
temperature and at +15CPC (423K). 
The highest test temperature, +30CPC was above the upper limit of the 
specified working range of the silicone grease and so molybdenum 
disulphide ('Molyslip') was used instead. 
The current investigation was the first to undertake SHPB tests at 
temperatures below OPC in the Physics Department at Loughborough and 
consequently there was no experience to call upon regarding the most 
suitable lubricant to use at these temperatures. A study was made of 
the lubricating properties of graphite powder and PTFE spray at the 
lowest testing temperature -1100C (163K) in SHPB tests at a mean 
strain-rate of 1100 s-1. The resulting true stress versus true strain 
curves are shown in Figure 9.11. Clearly the level of stress was 
lowest for samples lubricated with PTFE spray thus indicating that 
this material was a more efficient lubricant than graphite under 
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these conditions. Consequently PrFE spray was used in all subsequent 
tests at -1100C (163K) and -400C (233K). 
9.2.3 Effect of Specimen Size 
As mentioned earlier, two specimen sizes were used during the course 
of experimentation presented here. These were cylindrical specimens of 
dimensions: 10 mm diameter x5 mm length and 8 min diameter x4 mm 
iength. 
As part of the preliminary testing programme a batch of twenty 
lubricated 8x4 mm specimens were tested at rocm temperature on the 
SHPB and quasistatically. The resultant mean curves are presented in 
Figure 9.12. When curves in this graph are compared with 
correspcnding curves at similar strain-rates in Figure 9.9 (determined 
for 10 x5 nm specimens) they are found to agree well. This provided 
evidence that if 8x4 rm specimens were used in the Hopkinson bar 
apparatus instead of 10 x5 mm specimens there should be no alteration 
in the resulting stress-strain curve. Since the use of 8x4 nm 
samples was advantageous in prcducing higher strain-rates and larger 
final strains (see Table 9.1) they were used wherever possible in SRPB 
tests. However, because they proved to be more difficult to 
manufacture in the Department of Physics workshop, 8x4 mm specimens 
were less readily available. 
9.2.4 Comparison of SHPB Compression Results with SHPB Tensile 
Results at Room Temperature 
Figures 9.13 to 9.15 show the SHPB tensile results which were obtained 
by the methods described in Chapter 7. Due to the particular 
dimensions of the tensile specimens, it was not possible to apply the 
coding system of Figure 9.2. Instead they were classified simply as 
radial (R) or parallel axis (P) and hence the shorter codes in Figures 
9.13 to 9.15. 
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Obviously there is considerably more noise on these tensile stress 
versus strain curves than recorded in the compressive case for reasons 
explained in Chapter 7. The presence of this noise swamps out any 
upper and lower yield point features which should be present in the 
curves. 
The coarputer plotted curves in Figures 9.13 to 9.15 were based on the 
original tensile specimen gauge length, 2, g = 8.3 mm while the work of 
Chapter 7 showed that kg = 6.8 mm was a more appropriate value for 
these tensile tests. Thus, it has been necessary to correct the true 
strain axes in each graph to make amends for this discrepancy. 
Mean compression true stress-strain curves for corresponding strain- 
rates from Figure 9.9 have been superimposed upon the graphs of 
Figures 9.13 to 9.15. Generally the agreement between the compression 
and tension curves is reasonably good, especially so in Figure 9.14. 
The agreement is not so good in Figure 9.15, for the highest mean 
tensile strain-rate of 1200 s-1. However, the noise level in this 
case is so dominant over the general shape of the stress-strain 
curves, it is difficult to draw any sensible conclusions. 
Fran Figure 9.13 and Figure 9.14 it can be seen that although there is 
a significant amount of inaccuracy in the sHpB. tensile results and the 
yield points are not well defined, the level of flow stress recorded 
is consistent with that of compression curves at similar strain-rates. 
This is as should be expected since there is no reason why, for this 
particular steel, the mechanical properties in tension should be 
different froij those in CcMression at a given strain-rate. 
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9.3 INSTRON AND ESH RESMTS (4 x 10-4 s-1 to 4 s-1) 
In Figure 3.8 a set of three true stress-strain curves from ESH 
ociTpression tests at room temperature was presented. They showed the 
degree of consistency possible with this type of test. The Instrm 
tests proved to be equally consistent as illustrated in Figure 9.16 
which shows three results obtained directly fran three Instrcn tests 
at 1500C (423K). 
The typical variation in flow stress seen in the Instrcn results for a 
particular temperature and strain-rate was ±10 MPa. This equals the 
variation observed in the ESH results. On the other hand, in the 
dynamic SHPB tests the scatter in the results was considerably larger 
at. ±25 V2a due to Pochhanmr-Chree oscillations and the fact that mean 
strain-rates for the tests could not be repeated exactly. 
Both 8x4 mm and 10 x5 mm samples were used with the Instron machine 
and were found to give the same results at a given temperature and 
strain-rate. Since the maximum load capacity of the Instron machine 
was only 5000 kg, the 8x4 min samples were used whenever possible to 
achieve a larger final strain. 
Strain-rate in all these quasistatic tests on both the EsH and Instron 
Machines was calculated by dividing the final specimen strain (having 
subtracted machine corrpliance) by the total test time. In a similar 
manner to the SBPB results the ESH and Instron results have been 
grouped together graphically according to strain-rate and temperature 
and hence a mean curve deduced. For every condition the mean curve is 
the average of at least three experimental stress-strain curves. 
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9.3.1 Results at Rocm Temperature (200C, 293K) 
Figure 9.17 shows the full set of mean ESH curves obtained at Mn 
temperature at every decade of strain-rate between 3.8 x 10-4 s-1 and 
3.4 s-1. The upper and lower yield stresses and the flow stress all 
increase with increasing strain-rate but the difference between the 
curves at strain-rates of 3.8 x 10-3 s-1,3.8 x 10-2 s-1 and 0.4 s-1 
is small. In fact the curve at 3.8 x 10-2 S-1 overlaps the curve at 
0.4 s-1 above 14% true strain. One possible explanation for this is 
that frictional effects are more prominent in the lower rate tests at 
the higher strains since there is more time available for the 
expulsion of lubricant fran between the sample and the platens. 
The closeness of the curves at 0.4 s-1,3.8 x 10-2 s-1 and 3.8 x 
10-3 s-1 shows that there is little strain-rate sensitivity of flow 
stress in this ; region. The yield stress, however, does increase 
with increasing strain-rate. It was decided at other temperatures to 
only conduct tests at 4 s-1 and 3.8 x 10-3 s-1 and to only carry out 
additional tests if there proved to be a significant difference in the 
stress versus strain curves at these two rates. 
The mean curve fran several Instron tests at a rate of 10-3 s-1 has 
been superimposed onto the graph of Figure 9.17 and is labelled IQ#. 
It agrees within experimental precision with -the nearest equivalent 
mean ESH curve (ý = 3.8 x 10-3 S-1) which implies that the mechanical 
properties observed here are independent of the type of testing 
machine used. 
9.3.2 Results at -400C (233K) 
Figure 9.18 shows mean true stress versus strain curves for the low 
strain rate tests performed at -400C on the ESH machine. Instrcn 
tests were carried out first and it was found that as soon as each 
test began the temperature rose sharply by approximately 100C in 30s 
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and thereafter more steadily so that by the end of the test the sample 
temperature could be as high as -200C. This upward drift in 
temperature during the Instrcn tests meant that the results from them 
could not be relied upon and so they have been discarded from further 
analysis while the ESH have not, as explained below. 
The reason for the sharp temperature rise was due to enhanced 
conduction of heat frcm the surroundings to the specimen through the 
crosshead and platen assembly as soon as a load was applied. 
with this experience from the Instron tests a small preload was 
applied before the start of the ESH tests during the cooling clown 
process. This small preload established good thermal contact between 
the platens and the ESH rams so that thermal equilibrium was attained 
before the start of each test and, more importantly, the temperature 
did not rise above -40PC during the test. It was the fact that 
thermal conduction through the rams and crosshead assemblies was so 
efficient in both machines which prevented the possibility of 
achieving temperatures lower than -400C using the simple cooling 
system described in Section 3.10. In contrast, the small amount of 
heat conduction through the 1/2" diameter bars in the SHPB system 
allowed sample temperatures of -1100C and below to be attained with 
relative ease. 
It is worth noting here that there is a marked convergence of the ESH 
curve at 4 s-1 and that at 4x 10-3 s-1 in Figure 9.18 and there is 
the possibility that they might overlap at high strains. This may be 
attributable to frictional effects or 'adiabatic softening' to be 
explained in depth in Chapter 10. 
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9.3.3 Results at 1500C (423K) 
Figure 9.19 shows the mean true stress versus strain curves for the 
initial ESH tests carried out at 1500C. Although the yield stresses 
for these curves increase with increasing strain-rate, above a strain 
of 3% there is a tendency for the f low stress to be larger the lower 
the strain-rate for the three strain-rates less than 4 s-1. At higher 
strains beyond 24% the lower strain-rate curves (i. e. 3.8 x 10-2 s-l' 
3.8 x 10-3 s-1,3.8 x 10-4 s-1 ) overlap with the 4 s-1 curve. 
Previous workers (for example Manjoine, 1944 or Keh et al, 1968) have 
reported negative strain-rate sensitivities in iron and low carbcn 
steel similar in nature to this. However for the initial results 
Presented in Figure 9.19 it was not certain whether the trends were 
due to genuine material behaviour or due to errors in the testing 
method. 
The furnace used for these initial ESH tests was a large ceramic 
cylinder which corrpletely housed the specimen, platens and ram. The 
furnace had a large thermal inertia and so took a considerable time to 
reach 15OPC. Unfortunately it was designed to operate aut6matically 
at temperatures above 250oC and so for use at 150PC it had to be 
controlled manually. For this reason the time taken to bring the 
specimen to the correct temperature before the test began varied 
between 15 and 30 minutes in which time the silicone grease lubricant 
may have dried up and become less effective. The peculiar order of the 
curves in Figure 9.19 could merely be a reflection of the variation in 
friction between specimen and platen faces due to variations in the 
heating up times before the start of the tests. Furthermore, the 
heating up period (15 to 30 minutes) is long enough to introduce 
ageing effects. 
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in view of these uncertainties tests were carried out at 10-3 S-1 
using the Instron machine (results shown in Figure 9.16) and repeat 
tests at 4 s-1 using the ESH machine. In both machines the small 
hand-made furnace described in Section 3.11 was incorporated and this 
was able to attain a steady 1500C sample temperature within two 
minutes thereby avoiding the problems described in the paragraph 
above. 
The results for the repeat ESH tests at 4 s-1 are displayed in Figure 
9.20 which includes the mean curve (dashed line) fra, the Instrcn, 
results of Figure 9.16. Evidently the results for the t1wee ESH tests 
at 4 s-1,15CPC show a high degree of consistency. The mean Instro, 
curve lies underneath them but its closeness indicates that the 
strain-rate sensitivity between 10-3s and 4 s-1 is low. 
The mean true stress-true strain curves of Figures 9.19 and 9.20 are 
ccmpared together in Figure 9.21 where it is found that the curves for 
the Instrcn and the repeat ESH tests (dashed curves) lie above the 
corresponding curves from the initial ESH tests (solid curves). It is 
believed that due to the Iffproved heating arrangement used, the dashed 
curves represent a more realistic description of the 224 behaviour at 
1500C. The small difference between then does suggest, however, that 
at strain-rates between 10-3 s-1 and 4 s-1 overlapping of flow stress 
curves or negative strain-rate sensitivity may be possible. Such real 
effects in iron and steel have been described by dynamic strain ageing 
(Keh et al, 1968) which is discussed further in Chapter 10. 
Adiabatic softenirxj may also be responsible in part for a reduction of 
the flow stress at the strain rate of 4 s-1. 
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9.3.4 Results at 3000C (573K) 
Figure 9.22 shows the mean true stress versus strain curves fxcl, the 
'I. Mves from Instron and ESH tests at 30CPC. The three Instron c, which 
the mean curve in Figure 9.22 was determined were the only ones in the 
whole testing series (Figures 9.16 to 9.22) to show a serrated 
yielding effect in the early stages. This phencmenon is known as the 
Portevin-Le Chatelier effect and is often observed in low carbon 
steels (see Section 2.5.4). In scme of the ESH tests at elevated 
temperatures sudden drops in load (and therefore stress) were observed 
but it was not possible to tell whether these were genuine material 
characteristics or whether they merely emanated from background 
electronic noise frcm nearby machinery. The size (10 to -15 MPa) and 
low frequency nature of the serrations seen in the Instron tests meant 
that they could be unequivocally ascribed to actual material 
behaviour. 
The fact that rx: ) such obvious serrations appeared in the ESH tests at 
similar strain-rates, together with the fact that the curves for the 
ESH tests in Figure 9.22 are between 35 and 60 ýTa below the mean 
instron curve, suggests that conditions in the Instron tests may have 
been different to those in the ESH tests. In both cases, the small 
hand-built furnace was used to bring the specimen up to 3000C in less 
than 5 minutes before the start of the test so that problems due to 
drying up of the silicone lubricant before the . test were minimised. 
It is possible that a poor location of the monitoring thermocouple in 
the Instron tests, for example in contact with the walls of the 
furnace, may have resulted in a higher temperature being recorded than 
that of the specimen itself. If such were the case then a 
misleadingly large flow stress would result. It is important to note, 
however, that the work of Keh et al (1968) on dynamic strain ageing 
showed that the presence of serrations in a stress strain reoord was 
always accompanied by a dramatically increased rate of work hardening. 
211 
The ESH curves of Figure 9.22 show a similar pattern of behaviour to 
that of Figure 9.19 at 15CPC. Below 4% strain the flow stress is 
larger for the higher strain rate but above about 15% strain in Figure 
9.22 the flow stress is larger the lower the strain-rate. Since the 
inproved heating arrangement was used for these tests the explanation 
given in Section 9.3.3 for the overlapping of stress v strain curves 
or negative strain-rate sensitivity is not a valid argument here. 
An alternative explanation comes from a consideration of the duration 
of the tests up to 26% strain which on average was 0.07s, 60s and 540s 
for ý=4 s-1,4.3 x 10-3 S-1 and 4.8 x 10-4 s-1 respectively. Hence 
the lower the strain-rate for the test the more time there is 
available for the expulsion and drying up of lubricant between the 
specimen and platen faces. This would cause an increase in frictional 
forces and thus a higher stress would be required to continue the 
deformation. This view was supported by visual inspectia-z of the 
samples after testing. 
The above is not the only explanation. At elevated temperatures of 
150PC and 30OPC we are dealirxj with a thermal region in which the rate 
of diffusion of interstitial atoms (C and N) is comparable with the 
mobility of dislocations at strain-rates between-10-4 and 1 s-1. Many 
authors (e. g. Manjoine, 1944) have shown that such conditions are able 
to produce negative strain-rate sensitivity trends similar to those 
depicted in Figures 9.16 and 9.22. It is important therefore not to 
dismiss the curves of Figures 9.16 and 9.22 as not being 
representations of the mechanical behaviour of 224 steel. 
9.3.5 Ccniparison of Quasistatic Tension and CmVression Results 
Figure 9.23 shows the mean tensile curves for rom temperature tests 
at strain rates of 10-3 s-1 and 0.03 s-1. For the purposes of 
ccmparison the nearest equivalent compression curves for rates of 
0.038 s-1 and 3.8 x 10-3 s-1 are also presented. Clearly the 
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agreement between the compression and tensile results is excellent 
below a strain of 10%. Up to 12% strain the ccmpression and tensile 
curves agree within the experimental error for both. 
Beyond 12% strain the compression curves diverge above their tensile 
counterparts. Among the possible reasons for this could be (i) the 
presence of friction in compression testing (there is none for tension 
testing), which tends to increase the level of stress required to 
continue the deformation at high strains; (ii) the location of the 
samples in the original billet. The tensile pieces were extracted frcrn 
segment 9, a mean distance of 10 an from most of the room temperature 
corrpression samples. 
At 26% strain the difference between the stress in the ccapression 
curve for ý=0.038 s-1 and that in the tensile curve for ý=0.03 
s-1 is 20 MPa while the stress difference between the ccMpression and 
tensile curve at 3.8 x 10-3 s-1 and 10-3 s-1 respectively is 35 MPa. 
This could be a further indication that frictional effects might be 
enhanced at the lower strain-rates in which there is more time for the 
expulsion of lubricant at the specimen/platen interface. 
9.3.6 Barrelling 
Up to 25% true strain in all compression tests 'barrelling' was 
negligible. Beyond this level of strain the onset of barrelling could 
be observed indicating the increasing importance of frictional 
effects. The author attempted to quantify the degree of barrelling in 
samples compressed beyond 25% true strain via the introduction of a 
'barrelling quotient', B, defined by 
1 
B-U-2 kdu + 
dl) 
_1- 
du + dl (9.3) d 2d 
(0 
a) 
Li 
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where d is the maxinum diameter measured across the specimen at its 
widest point and du and d, are the diameters at the upper and lower 
end faces of the specimen respectively (see Figure 9.24). 
B was measured for a selection of specimens compressed in the EsH 
machine to a final true strain of (40 ± 3)%-. Representative specimens 
were measured for every single test temperature and strain-rate. It 
was found that the value of B varied fran 2* to 4% but there was no 
overall trend for B to increase at higher test teaperatures or lower 
strain-rates. 
Most Instron tests were tenAnated below true strains of 30% so it was 
the ESH tests which were most affected by barrelling. In examining the 
ccni=ession results, Figures 9.16 to 9.23, it should be remembered 
that the shape of the true stress-strain curves may be influenced by 
friction effects above 12% true strain. 
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MAPTER 10 
ANALYSIS OF RESULTS 
10.1 FUNDAMENTAL ANALYSIS 
10.1.1 Cmipilation of Results 
In Figure 9.9 the full set of ccrnpression results at room temperature 
(293K) were presented. In a similar fashion, Figures 10.1,10.2,10.3 
and 10.4 show sets of mean true stress versus strain curves for 
corrpression tests at -1100C, -4CPC, 150PC and 30CPC respectively. As 
in Figure 9.9 the curves have been shifted to the left where necessary 
so that the initial elastic region up to the upper yield point is a 
straight line (equation 9.2) whose slope is the Yckrigs modulus, E, for 
the 224 steel at each given temperature. Table 10.1 shows that there 
was only a small variation in E throughout the temperature range 
considered here. 
Temperature/K Young's Modulus/GPa 
163 209 
233 204 
293 200 
423 191 
573 iso 
TABLE 10.1: VALUES OF YOUNG'S MODULUS, E, FOR 224 STEEL AT VARiouS 
TEMPERATURES. (Data supplied by Sheffield Forgemasters 
Ltd) 
Figure 9.9 and Figures 10 -I to 10.4 form the basis of the analysis 
presented in the following sections. It is worth noting that the mean 
variation in flow stress about these mean curves was ± 15 V2a for the 
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SHPB tests > 80 s-1) and ±6 MPa for the Instron and ESH tests (ý<4 
S-1 ). 
10.1.2 Stress Versus Strain-Rate 
A useful manner in which to present the results frcm mechanical tests 
over a variety of strain rates is to plot stress at constant strain 
versus linear strain-rate. This has been dcne in Figure 10.5 for the 
SHPB results at -1109C. The points plotted on this graph have been 
taken directly from the original computer plots of stress versus 
strain, not just frcm the mean curves, and hence the experimental 
scatter is clearly illustrated. The lines drawn on the graph have been 
fitted by eye. 
When the range of strain-rates covered is large, stress at constant 
strain can be plotted against the logarithm of strain-rate. Figures 
10.5,10.6,10.7,10.8 and 10.9 show both graphs of stress versus 
linear ; (A) and log 
; (B) from the SHPB results except where 
indicated. The logý graphs have incorporated mean values of stress at 
given 
ý frcm the linear ý plots. Unfortunately at -11OPC there were 
no quasistatic results as explained in Section 3.10. 
The curves delineated in these figures are most useful since they 
allow one to produce graphs of stress versus strain at any given 
strain-rate within the range presented. This is done most sirriply. by 
drawing a vertical line at a chosen 4nd recording the points at which 
the constant strain curves intersect this line. (Typically lower 
yield stress, aLyp occurs at 0.5% strain while upper yield stress, 
allyp will occur at (crUyp/E) x 1001 strain where E is the Young's 
modulus at the given teniperature (see Table 10.1). 
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X rý (v2a) 
Strain Level 
Temperature Strain-Rate UYP LYP 5-% 10% 15% 25%- Kam over 
(S-1 ) all strains 
-ilopc 2000 150 73 183 141 
(163K) 
137 
-4(PC 4xlo-3 24 23 12 12 8 11 15 
(233K) 4 71 57 24 24 19 33 38 
1800 215 165 185 185 205 191 
2CPC 4x10-3 18 89 20 14 
(293K) 4 95 80 0 50 56 
2000 80 120 85 0 71 
1500C 4XIO-3 10 11 87 10 59 
(423K) 4 41 24 88 11 12 17 
2000 75 112 80 18 43 66 
3000C 4xlo-3C 01 -2 -3 -3 -8 -3 
(573K) 4 16 17 10 7519 
2000 95 95 21 16 13 10 42 
TABLE 10.2 VALUES OF STRAIN-RATE SENSITIVITY, le J]MPa/log (s-1)) AT A 
VARIETY OF TEMPERATURES AND STRAIN-RATES 
Note: All figures in the main body of the table are correct to ±5 mpa 
unless otherwise stated. 
LYP = lower yield point (0-5 to 1% strain) 
UYP = upper yield point (0.1 to 0.4% strain) 
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At a given strain level, c, the strain-rate sensitivity, X, may be 
defined by: 
3 cr 
c, T a logý 
I 
(10.1) 
This quantity serves as a useful irdication as to what strain rates 
are important in the material mechanical behaviour. Table 10.2 shows 
a series of values of Xc estimated from the gradients of the curves in 
Figures 10.5 to 10.9. 
Several inPOrtant features emerge fran Table 10.2. Generally XC 
increases with increasing ý especially at SHPB rates. Excluding the 
UYP and LYP data which may be sensitive to a mmber of factors then, 
there is little change in X,! This is obvious frcin the shapes of the 
cr versus log ý curves in Figures 10.6 to 10.9. Xe decreases as the 
test temperature increases. In fact at 30CPC (573K) and 4.3 x 10-3 
s-1 small negative values of A. have been recorded. 
The figures in Table 10.2 also show that the upper and lower yield 
points are more strain-rate sensitive than the other strain levels. 
The trends of Table 10.2 and Figures 10.5 to 10.9 are similar to those 
discovered by Campbell and Ferguson (1970) formild steel (see Figure 
2.13) and indica e that at the dynamic strain-rates above 4 s-1 the 
deformation of 224 steel is controlled by thermally activated 
mechanisms. This idea is developed in detail in Section 10.2. 
10.1.3 Stress Versus Temperature 
Zener and Hollcmcn, (1944) were the first to demonstrate and quantify 
the reciprocal effects of temperature and strain-rate on the stress- 
strain curves for iron and low carbon steels. Generally, the stress at 
a given strain will increase with increasing strain-rate but will 
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decrease as the temperature is increased. This trend is outlined by 
Figures 10.10,10.11 and 10.12 which show the stress at various 
constant strains versus temperature at strain-rates of 10-3 s-1,4 s-1 
and 2000 s-1 respectively. 
In a similar way to strain-rate sensitivity, thermal sensitivity, ac 
for a given strain and strain-rate, can be defined as 
= 
aa I 
5--Tj 
c'? ý 
(10.2) 
where a is the stress at constant strain, e and T is the temperature. 
From Figures 10.10 to 10.12 a set of values of Oc have been calculated 
and are presented in Table 10.3. The values of a. specified for a 
temperature of 15CPC (423K) were calculated from the tangent of the 
the slopes at 150PC. In marry cases the tangent is constant over the 
range 293K to 573K. 
In the SHPB results at strain-rates of 1000 s-1 (not shown) and 2000 
s-1 it was possible to determine aC at -400C (233K) since data were 
obtained frcm tests at -1100C (163K). Values of 0e at -400C were about 
five times the mean value at 1500C. This increased thermal sensitivity 
occurring in the low temperature results is apparent in Figure 10.12 
which shows stress versus temperature curves at a strain-rate of 2000 
S-1. All the curves for different strain levels exhibit the same 
behaviour in which there is a dramatic change in slope at (or close 
to) room temperature. At 10-3 s-1 and 4 s-1 no experimental data were 
obtainable below -400C and the curves in Figures 10.10 and 10.11 show 
a more or less constant slope (or :. 
) throughout their temperature range. 
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ac (WaK) 
Strain Level 
Strain- Tenpera- UYP LYP 5%- 10% 15% 20% 25% 14--an 
Rate ture over all 
(S-1) strains 
10-3 1500C -0.18 -0.18 -0.20 -0.30 -0.36 -0.36 -0.38 -0.28 
(423K) 
4 15CPC -0.47 -0.47 -0.40 -0.48 -0.56 -0.56 -0.58 -0.50 
(423K) 
1000 15CPC -0.60 -0.51 -0.40 -0.50 
(423K) 
-400C -2.76 -2.86 -2.40 -2.67 
(233K) 
2000 1500C -0.65 -0.44 -0.35 -0.44 -0.44 -0.46 
(423K) 
-400C -2.68 -2.63 -2.59 -2.20 -2.26 -2.47 
(233K) 
4470 1509C -0.77 -0.75 -0.57 -0.65 -0.67 -0.95 -0.94 -0.76 
(423K) 
TABLE 10.3: VALUES OF THERMAL SENSITIVITY, Oc (1VTa/K) AT A VARIETY OF 
TEMPERATURES AND STRAIN-RATES 
Values ofa, specified at a temperature of 1509C represent the mean value 
of 0. over the range 200C to 3000C, while those specified at a 
temperature of -409C represent the mean fro, -110oC to 2CPC. 
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The curves in Figures 10.10 to 10.12 are nearly all approximately 
parallel and there seems to be only- a small variation in aC at 1500C 
over all strains and strain-rates. The range of mean values of $, at 
1500C for the various strain-rates ocnsidered is -0.28 to -0.76 MPa 
K71, the overall mean being -0.50 Wa K-1. This value ocapares well 
with the -0.633 MPa K71 quoted by Culver (1973) for mild steel and 
which was used in equation 8.10 for the estimation of the critical 
strain-rate for adiabacity. 
Figures 10.13 and 10.14 show the upper and lower yield stresses versus 
temperature for four different strain rates. Both figures show a 
common trend of behaviour. In both cases the curves for strain-rates 
of 4x 10-3 s7l and 4 s-1 are more or less linear within the total 
test range; 233K to 573K. The higher strain-rates curves (ý = 1000 
s-1 and 2000 s-1) show a very distinct change in thermal sensitivity 
at room temperature as was seen in Figure 10.12 for curves of 
different strain levels. 
10.1.4 Adiabatic Thermal Softening 
The subject of Chapter 8 was the measurement of the adiabatic 
temperature in compression specimens tested at room temperature. There 
it was shown that the theoretical tarperature rise as predicted by 
equation 8.11 agreed with the experimental measurements and could be 
as much as 60 to 700C in the dynamic tests. *It was also shown both 
empirically and theoretically-(equation 8.10) that at a critical 
strain-rate, roughly 3 or 4 s-1, the 'test could be considered 
adiabatic. The question which arises naturally from all this is, what 
effect does the rise in temperature in a sample have on the shape of 
the resulting true stress versus true strain curve? 
Generally for most materials, and indeed all steels, the rise in 
temperature during defonmtion produces a softening of the specimen so 
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that the level of flow stress recorded is less than if the test had 
been entirely isothermal. 7be subject of adiabatic plastic deformaticn 
has been studied for over forty years and is well reviewed by Pogers 
(1979) and Stelly and Dormeval, (1986). Holzer and Wright (1981) have 
pointed out that there are two types of adiabatic softening: 
a) A general softening which occurs throughout the whole of the 
deforming region of the specimen which has a substantial effect on 
the flow stress. Loosely, this may be tenied "bulk softening". 
b) A more dramatic softening on a localised scale, described as 
"catastrcphic softening", which may occur simultaneously with 
"bulk softening" and has an even more prcnounced effect on the 
flow stress. 
"Catastrophic softening" is usually present in tensile testing 
especially in the necked region of the sample just before fracture. in 
such tests on steels large temperature rises can occur even at low 
strain-rates as evidenced by the - infrared thermmeter pictures of 
Sachdev and Hunter (1982). 
For the compression results on 224 steel presented in this Chapter, it 
is type (a) "bulk softening" which influences the shape of the 
resulting stress-strain curves. 
In spite of the obvious importance of adiabatic softening surprisingly 
few workers have calculated the magnitude of the effect on actual 
stress versus strain results. Exceptions include Follansbee (1986) who 
calculated (usirxj a form of equation 8.11) that the temperature rise 
in a specimen of Nitronic 40 stainless steel compressed by 20%- in a 
SHP13 test at 5000 s-1 should be 629C. He then stated that such a 
temperature rise could account for a reduction in flow stress of 168 
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MPa i. e. 14% of the observed flow stress at 20% true strain. 
Follansbee then suggested that this degree Of thermal softening could 
explain an overlap of quasistatic stress-strain curves with dynamic 
curves at true strains between 20 and 40%. 
Holzer and Wright (1981) have applied thermal softening corrections to 
experimental results frCm cCrTIPressiCn tests on AISI 1025 steel and 
have shown. that the effect can account for negative values of strain- 
rate sensitivity, X. at strain-rates between 0.1 and 20 s7l. Muller 
(1972) corrected his dynamic test data frcm ircn and nickel sp9cimens 
and hence presented effective 'isothermal curves' and oyane. et al 
(1967) have done the swv-- for S35C carbon steel (0.33% C, 0.75% Mn) at 
elevated temperatures between 650 and 850PC. 
The reason why adiabatic effects are often omitted from analyses of 
dynamic stress versus strain data is that to make an accurate 
assessment of the size of such effects requires a detailed knowledge 
of the material's mechanical properties over a wide temperature range. 
of particular importance is the thermal sensitivity 3 a/ aT which must 
be known if adiabatic corrections are to be made. Some values of Da/BT 
for metals can be found in the literature (e. g. Culver, 1973). 
However, for an accurate determination of the reduction in stress, Aa , 
due to thermal softening the thermal sensitivity must be established 
by actually carrying out mechanical tests at various temperatures. 
The information presented in the last section, especially Figures 
10-10 to 10.14 and Table 10.3, is sufficient for a calculation of the 
thermal softening effects in 224 steel. The first step is to work out 
the dependence of bulk temperature rise in the sample on the 
ocapressive strain for each test condition. Figure 8.2 showed the 
variation of T with true strain for SHPB tests at room temperature 
(293K) and a strain-rate of 2088 s-1. This relationship was 
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determined fran equation 8.11 in which the integral (energy per unit 
volume) was evaluated by measuring the area under the true stress 
versus strain curve (Figure 9.9) at various strain levels. It was 
necessary to extrapolate this curve parallel to the quasistatic curve 
in order to deduce likely temperature rises at strains beycnd 20%-. 
In order to predict adiabatic temperature rises at tenperatures other 
than room temperature the variation of specific heat capacity, CP I 
with teaperature was taken into account by use of the straight line 
relationship plotted in Figure 10.15. This graph actually shows the 
variation in specific heat with taTperature for the carbon-manganese 
steel En 14 (Smithells, 1976). As the composition of En 14 (0.23% C, 
1.51 Mn) is close to that of 224 steel the specific heats for the two 
should be virtually the same. 
Figure 10.16 shows the relationship between bulk temperature rise in 
the specimen versus true strain for a variety of test temperatures and 
strain-rates. The family of curves shown have been calculated from the 
areas under the appropriate curves of stress versus strain presented 
in Chapter 9, for a mixture of 10 x5 mra and 8x4 mrn sanple data 
labelled A and B respectively. The data for 10 x5 mm samples SHPB 
tested at room temperature produced maximum true strains of the order of 
20% thus the curve for these conditions in Figure 10.16 has been 
extrapolated beyond 20% strain by assuming ihat the dynamic stress- 
strain curve continues beyond 20% parallel to the quasistatic curve at 
room temperature. 
Clearly the slope of the cuxves (OC temperature rise per percentage 
strain) is larger for the higher strain rates and lower temperatures. 
The reason for this is that at lower taTperatures and higher strain- 
rates -larger flow stresses are recorded so that the area under the 
stress-strain curves are generally greater implying that more energy is 
absorbed during the test thexefore producing larger temperature rises. 
The fact that specific heat Cp becomes smaller with decreasing 
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temperature also means that the temperature rise, AT, during a test 
should be larger at lower temperatures according to equation 8.11. Note 
that the curves in Figure 10.16 are independent of sample size, whether 
10 x5 mm or 8x4 mm as these dimensions are implicit within the 
integral of equation 8.11. 
The reduction in stress, Acy due to thermal softening is related to the 
temperature rise, AT during a test by the thermal sensitivity, Be Of 
the 224 steel at a given temperature and strain-rate. To deduce figures 
for Ac from the curves of &T versus c in Figure 10 - 16 appropriate values 
of $, at 5% strain (i. e. $50 were chosen ficr Table 10.3 which were 
then used as multiplying factors. 
Test Test Final Calculated Total Acr as a 
Temperature Strain Strain Temperature Reduction of flow stress 
T Rate i - 
Reached Rise, AT at in stress, at cF 
(s ) EF (*) CF( oc) Aa (MPa) 
-11CPC 3000 28 85 208 20 
(163K) 1000 11 29 57 6 
-400C 4100 35 91 136 14 
(233K) 1800 15 32 73 9 
4 30 60 50 6 
2CPC 2088 20 38 15 2 
(293K) 4 34 68 27 3 
1509C 4700 40 70 40 5 
(423K) 2000 15 20 10 2 
4 30 45 18 3 
30OPC 4407 50 69 40 6 
(573K) 4 30 33 13 2 
TABLE 10.4: ESTIMATED TEMPERATURE RISES AND REDUCTION IN FLOW 
STRESSES DUE TO THERMAL SOFIENIW- FOR SHPB TESTS ON 224 
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Acy was calculated according to: 
A' '2 05% AT (10.3) 
ý5% was selected since it was felt that at 5% true strain the 224 
steel mechanical properties were most reliably krxx., n. Figure 9.9 and 
Figures 10.1 to 10.4 show that 5% strain is large enough for the flow 
stress at this point to be not influenced by the lower yield point. 
Also at 5% true strain only a small amount of work hardening will have 
occurred and no appreciable temperature rise will have taken place. 
Equation 10.3 in conjuncticn with Figure 10.16 and Table 10.3 has been 
used to determine Act for all dynamic results at ; >--4 s-1. 
Figures 10.17,10.18,10.19,10.20 and 10.21 show the dynamic true 
stress-strain curves (dashed) corrected for the effects of adiabatic 
thermal softening at test temperatures of -1100C, -40PC, 20PC, 150PC 
and 3000C respectively. For comparison purposes the original true 
stress-strain curves have also been plotted. The dashed curves of 
Figures 10.17 to 10.21 may be referred to as ISMHEFML CURVES since 
they represent the stress versus strain curves which would have resulted 
had the test conditions been completely isothermal at these strain- 
rates. Table 10.4 shows estimated values of Acr and &T for the SHPB 
results presented in the first part of this Chapter (Figures 9.9 and 
10.1 to 10.4). 
Figure 10.17 shows isothermal curves drawn for the results at -11CPc, 
the tenperature at which adiabatic effects are most prcccunced because 
of the high thermal sensitivity, B. 2 -2.59. At 3000 s7l and 28-W true 
strain thermal softenirxj accounts for a reduction in stress of 208 MPa 
which represents 20t of the actual observed flow stress at this 
strain. 
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Figure 10.18 shows isothermal stress-strain curves at -400C. Pran Table 
10.4 it can be seen that at a strain-rate of 4100 s-1, AT = 910C, thus 
taking the bulk temperature of the sample from -400C to 510C. This is 
precisely the temperature range in which the thermal sensitivity, ' OE: , 
changes markedly from -2.59 to -0.57. To accommodate this change, 
values of Aa for ý 4100 s-1, T= -400C were calculated using 5C = 
-2.59 until the estimated temperature of the sample reached 2CPC after 
which ý, = -0.57 was applied. 
Also plotted in Figure lo. 18 is the true stress-strain curve at 
ý=4 
x 10-3 s-1 and at a strain close to 3G%- which overlaps with the curve 
for c=4s. However the corrected isothermal curve at 4 s-1 -1 runs 
almost parallel to the isothermal 4x 10-3 S-1 curve thereby 
demonstrating that the overlapping of the original curves can be 
ascribed to thermal softening effects at 4 s-1. 
A similar trend is apparent in Figure 10.19 in which the dynamic room 
tenperatu: re curves for ý=4 s-1 and* 2088 s7l are presented. The 
original uncorrected curves at these two rates tend to converge at a 
strain of 2G%-. However, in the case of the corresponding isothermal 
curves, although there is still a slight cmvergence, the difference 
in stress level between them is greater than in the original curves. 
Figures 10.20 and 10.21 show isothermal curves for the elevated 
temperature results at 1500C and 3000C. Clearly the magnitude of Aaat 
a given strain is reduced at these higher temperatures but the effects 
of thermal softening are no less important. In Figure 10.21 
overlapping occurs at about 3496 strain in the original true stress- 
strain curves for 4407 s-1 and 4.3 x 10-3 s-1 which is isothermal 
anyway. The 4407 s-1 isothermal curve, however, does not overlap with 
the 4.3 x 10-3 s-1 curve until strains above 50%- are approached by 
which stage friction will play a major role. 
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In summary, the work described above has shown the significant 
influence of adiabatic effects on the shape of resultant true stress- 
strain curves from dynamic tests (; =4 s-1) - The curves of Figures 
9.9 and 10.1 to 10.4 represent the actual mechanical behaviour of 224 
steel at the specified test temperatures and strain-rates. It should 
be remembered that inherent in the dynamic curves is the lowering of 
the flow stress due to thermal softening. The detailed mechanical data 
obtained over the temperature range -11OPC to 30OPC (Figures 10.10 to 
10.14) has made it possible to extricate the reduction of flow stress 
due to this effect and hence draw up stress-strain curves which are 
effectively isothermal. This isothermal description of the material 
behaviour in one sense represents the true mechanical behaviour at 
constant temperature and allows useful comparisons to be made with 
lower strain-rate curves at the same temperature. 
10.1.5 Work Hardening 
The basic true stress versus strain graphs of Figures 9.9 and 10.1 to 
10.4 all have similar shaped curves. Beyond the yield point, all the 
curves share the familiar characteristic in which increasing stress is 
required to produce further deformation and hence strain. The effect 
is ccmonly knmm as work or strain hardening. The discussion of the 
preceding sections has illustrated how in the post yield plastic 
region, thermal and mechanical effects are dependent on each other. At 
a given strain-rate the change in flow stress with strain may be 
expressed by the following differential equation: 
do 
- al + _Lal 
dT (10.14) ae 3C IT DTI 
C 
dc 
Incorporating equation 10.2: 
dcr Ba +, dr (10.5) Tc- 7c 'a c 
T 
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where 
30 is the isothermal rate of work hardening and !R represents 7e- 
IT 
de 
the gradients of the near linear plots of Figure 10.16. The term ý! R on de 
the right hand side of equation 10.5 is negative and describes the 
reduction in flow stress due to thermal softening. Loogically this term 
is zero for an isothermal deformation test (i. e. one at low strain rate 
< 0.1 S-1 ). 
It is interesting to note here that when d(ý =0 (e. g. at the onset of Me 
necking in tensile tests) -Lcy will equal 
dT 
which is the condition 
De TE 
for catastrophic thermal softening (Rogers, 1979). 
Generally fOr many metals and especially steels, the plastic work 
hardening regicn cf the stress-strain curve may be described by: 
cr =K En (10.6) 
where n is the work hardening exponent and K is the strength 
coefficient (MPa), a tenn which is proportional to ultimate tensile 
strength (Kocks, 1982). 
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Test K (ýTa) Strain-Rate n Test Method 
Temperature (S-1 ) 
-1100C (163K) 1140 1000 0.12 
3000 0.080 
SHPB 
-400C (233K) 1050 8x 10-4 0.22 
4x 10-3 0.25 ESH 
4 0.21 
500 0.16 
1800 0.14 SHPB 
4100 0.094 
2CPC (293K) 1050 1.67x 10-3 0.24 Imtron 
3.8 x 10 3 0.28 ESH 
4 0.24 (post- 
calibraticn) 
200C (293K) 1000 642 0.20 
908 0.19 SHPB 
2088 0.17 
1500C (423K) 940 10-3 0.24 Instrm 
4 0.23 ESH 
800 0.21 
2000 0.19 SHPB 
4700 0.17 
3000C (573K) 820 4.8 x 10-4 0.20 
4.3 x 10-3 0.23 ESH 
4 0.23 
872 0.19 
2140 0.16 SHPB 
4407 0.16 
TABLE 10.5: WORK HARDENIrru EXPONENTS, n AND STRE%IIH ODEFFICIENM, K 
FOR 224 STEEL AT VARIOUS TEMPERATURES AND STRAIN-RATES 
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Test Temperature K (M2a) Strain-Rate (S-1) n 
-11OPC (163K) 1300 1000 0.14 
1520 3000 0.17 
-4CPC (233K)_ 1300 4 0.29 
1800 0.20 
4100 0.16 
Roan Temperature No appreciable change frcm values given in 
20PC (293K) Table 10.5 
1500C (423K) 1000 4 0.25 
2000 0.21 
4700 0.20 
3000C (573K) No appreciable change fran Table 9.5 
TABLE 10.6: WORK-HARDENING EXPONENTS, n AND STRENGM COEFFICIENTS, K 
FOR DYNPMC ISOTHERMAL CURVES 
Figures 10.22 to 10.26 show loga versus logc plots for all the 
ocrnpressicn results obtained here. Fýxm these graphs it is an easy 
matter to find values for K and n. n is the gradient of each line 
drawn while K is the stress when c=1. Table 10.5 shows figures for K 
and n found in this manner. 
Two main trends emerge from the table. K decreases with increasing 
temperature as the steel becomes softer. n decreases as the strain 
rate increases. This happens because the yield stress always increases 
for higher strain rates while the ultimate strength of the material is 
far less sensitive to strain-rate. As a result the slope of the work 
hardening line which Joins the two points decreases. 
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'Isothermal' points have also been included in the plots of Figures 
10.22 to 10.26 taken frm the isothermal data of Figures 10.17 to 
10.21. Values of K and n for these isothermal points are presented in 
Table 10.6. 
At room temperature and 3000C the figures for K and n are not 
appreciably different from those at the same temperature in Table 
10.5. There is, however, a marked improvement in the overall linearity 
of these isothermal points at the higher strains. Furthermore, the 
values of n obtained from these isothermal points seem to be in closer 
agreement with values of n for the low strain rate data (< 0.1 s7l) 
which is 'naturally' isothermal. 
10.2 THERMAL ACTIVATICN ANALYSIS 
10.2.1 Introduction 
In Section 2.10 the fundamentals of thermal activation theory as 
applied to the plastic deformation of carbon steel were introduced. In 
this section, the thermal activation theory is expanded further and is 
used to analyse the results of this project. 
The relationship between the plastic strain rate, ýp and absolute 
temperature, T can be represented by the Arrhenius type equation: 
exp (-AG (a*)/kT) (2.15) 
(10.7) 
where k is the Bcyltzmarn constant; . AG is the Gibbs free energy of 
activation, which is a function of the local thermal stress, cy*; and 
;o is the frequency factor (see for exarrple Hull and Bacon, 1984). 
Now, 
ftA PY 0 
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where ý is an orientation factor, b is the Burgers vector, A is the 
average area swept out by a dislocation after it overcomes a barrier, 
p the dislocation density and yo is the average frequency at which 
attempts are made to overocme the barrier. Since ýo depends on the 
dislocation density it necessarily depends on the thermal and 
mechanical history of the material. 
The Gibbs free energy may be expressed as: 
AG =AGO -V Cl* (2.16) 
(10.9) 
where V is the activation volume, A Go is the total energy required for 
dislocations to overcome the barrier and the product Va* is the 
mechanical work done by the applied load. If a rectangular barrier is 
assumed then V is constant. 
In Section 2.10 it was shown that the friction stress, cr i, in the 
Hall-Petch relation (equation 2.12) could be split into an athermal 
ccrrPcx-b--nt and thermal ccmPonent. Since the effects of grain size have 
not been evaluated in this experiment is is convenient to simplify the 
analysis by condensing cri and the Kyd-1/2 term into a single athermal 
stress term, aa* Hence the applied stress, a may be written as: 
cr =aa+ cy (10.10) 
and equation 2.18 reduces to: 
,7= ch +A GOIV + (kr/V) In (; P/C 0) (10.11) 
Ecluaticn 10-11 represents the most basic relaticnship between applied 
stress, cr, strain-rate, 
ýp 
and temperature, T, fcr the thermally 
activated regicn. The defcrmation map cf Figure 2.12 illustrated that 
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there are four distinct regions in which a particular type of 
deformation mechanism dominates. For the temperature and strain-rate 
ranges covered in this experiment it is the athermal. (I) and thermal 
activation (II) regions which should be of most inportance. However, 
at low temperatures and high strain-rates there may be some 
overlapping with regions III and IV respectively. The point to realise 
is that the boundaries between the regions are not abrupt or 
discontinuous but that there is a gradual change in predominant 
dislocation mechanism in going frcm one region to the next. This means 
that in the thermal activation region (II) for certain experimental 
conditions one or more other types of dislocation mechanism may have 
an influence On the observed macroscopic mechanical behaviour. It is 
important to be aware Of this fact when attempting to formulate a 
thermal activation model which fits the experimental data. 
The purpose of this section is to apply the most up to date thermal 
activation theories to the experimental data which was presented in the 
first half of this chapter and Chapter 9. In order to do this 
successfully it is necessary to find equivalent points on the stress- 
strain curves for the whole range of temperatures and strain-rates which 
can then be compared against each other. 
The upper yield point is unsuitable since it too sensitive to the 
method of testing. Many authors, including Campbell and Ferguson 
(1970) have chosen to use the lower yield point in thermal activation 
analysis. However, the lower yield point may not be considered 
entirely ideal since it can also be sensitive to the method of 
testing. In Chapter 3 it was demxistrated that at low and intermediate 
strain-rates the stiffness of the testing machine could have a 
significant effect on the extent to which the lower yield point is 
detected. 
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Another feature of the lower yield point in the experimental data 
collated in Sections 9.2 and 9.3 is that for the true stress-strain 
curves derived from the Instrot and ESH machines at low strain-rates, 
the lower yield point appears typically at strains less than 0.5% 
whereas in the SHPB results the lower yield point occurs at strains 
between 0.5 and 3%-. Due to this possible difference in true strain it 
may not be entirely valid to directly ocmpare the lower yield points 
from the high and low strain-rate results with each other. Harding 
(1977) in his thermal activation analysis on four alloy steels avoided 
any complications due to lower yield points by considering only flow 
stresses at 2.5% strain. For the current experimental data a similar 
sort of analysis may be dcne by collating flow stresses at 5% strain. 
At this strain level the stress should not be influenced by the lower 
yield point even for the SHPB results and, furthennore, only a small 
amount of work hardening will have occurred. However the amount of 
work hardening, though small, will be greater for the low strain rate 
results (ESH and Instrcn) than for the high strain-rate results (SHPB) 
-a fact which may affect the comparison. 
What is required is a level of stress, just beyond the yield of the 
material, which is structurally comparable over the range of strain 
rates. In metals which show no lower yield point, the flow stress at 
an appropriately small strain (say 0.5%) may be chosen. However, for 
the type 224 carbcn steel under investigation here a suitable flow 
stress is not so easily determinable because of the existence of the 
lower yield point. 
In order to make the analysis as thorough as possible both the lower 
yield stress and the stress at 51 strain have been extracted f: ccxi the 
original true stress-strain curves of Sections 9.2 and 9.3 to test how 
well thermal activation theory applies to them. 
Ft 
T'bl 
THERMAL 
MECHANICAL\ 
xl X2 
FIG 10.27 Rectangular barrier opposing dislocation motion 
FIG 10.32 A more realistic dislocation barrier shape (Gaussian) 
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10.2.2 7he Basic Thermal Activation Model (1) (Rectangular Barrier) 
Equation 10.11 is the most fundamental thermal activation relation-ca-Up 
which is often applied to experimental data over a range of strain- 
rates and temperatures. It is based on the assumption that the 
obstacles to dislocation motion may be represented by a rectangular 
barrier (see Figure 10.27). In Figure 10.27, F is the force which 
opposes the motion of a dislocation when it encounters a barrier. If 
the obstacles are roughly equally spaced alcrV a dislocation line at 
distances, 1, apart then the force on the line per obstacle due to the 
applied shear stress is T*bl. 
To overcome this barrier completely, the line must move from a 
position x, to x2. In order for this to happen the energy recrjired is 
AGO given by M- 
LGO 
xj 
Fdx (10.12) 
1 
Part: of this energy is provided in the form of mecliwacal work done by 
the applied load and is equal to -r*bl (x2 - xl). The remainder of the 
required energy is labelled 'thermal' and is equal to the Gibbs free 
energy AG given by equaticn 10.9. Hence the activation volume, V, for 
the process can be written as: 
V= bi (x2 - xl) (10.13) 
Thus the significant feature of this simple theory upon which equation 
10-11 is founded, is that the activation volume is assumed corztant 
and does not vary with the applied stress. 
10.2.3 Fitting the Simple Thermal Activation Model (1) to the 
Experimental Data 
Taking the natural logarithm of the plastic strain rate P in 
equatim 10.7 gives: 
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lý p) 
CO )%L 
(10.14) 
Figure 10-28 A and B show plots of logý versus 
1000 for stresses at T 
the lower yield point (LYP) and at 5% strain respectively. The points 
plotted in Figure 10.28 were extracted from the graphs of stress 
versus logý at 5 different temperatures (Figures 10.5 to 10.9). 
According to the simple model (1) considered here these plots should 
comprise two straight lines; i. e. a line of negative slope 
representing the thermal activation region which converts at a 
critical point to a horizontal line representing the athermal region 
(see idealised diagram in Figure 2.14). The fact that the points 
plotted in Figure 10.29 form continuous curves reveals the inadequacy 
of the model in describing the variation of the activation volume, V, 
with applied stress. 
It can be seen that the points for a particular stress level lie 
approximately on a straight line and each line converges to ý0 at the 
intercept with the log ýp axis. Frcm Figure 10.28 A and B values of 
ý10 for the LYP and 5-* data are: 
to = (5.4 ± 0.5) x 105 S71 
, yp 
and 
5% 
= (9 ± 1) x 105 S-1 
There is more scatter and slightly less consistency in the points 
taken at 5%- strain and hence the larger error in ý0. The fact that the 
lines in Figure 10.28 tend to converge at a single value of ý0 
supports one of the fundamental ideas behind the theory that ýo should 
be independent of the applied stress. 
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The points of LYP data form a hyperbolic shaped curve. The 51; data 
forms a less well defined trend as the points are more scattered. 
Nevertheless, it is possible to fit straight lines to the points for 
kT ln(ýO/c*o) <3x 10-20 J. This has been done in both cases as shown 
by the lines labelled (1). Hence equation 10.11 describes the 
material behaviour at high strain-rates (SHPB results) and low 
taTperatures. 
At elevated temperatures and low strain-rates the applied stress 
required for plastic deformation should equal the athermal stress, aa* 
indeed the points plotted in Figure 10.29 tend to flatten out to a 
oonstant stress level at large values of kr ln (ýO/; p) (i. e. > 12 x 
10-20 J). These stress levels may be approximated to ca. Hence: 
cr a "aI (410 
i 20) ýTa 
According to equation 10.11 the gradient of the straight lines (1) 
drawn in Figure 10.29 should equal the reciprocal of the activation 
volume. Hence by direct measurements from the graphs: 
VLyp = (3.62 ± 0.05) x 10-29 m3 and V. 596 = (3.69 ± 0.1) x 10-29 m3 
The intercepts of the two lines (1) with the' yýaxis gives the flow 
stress at OK i. e. cr(O). Thus for the two sets of data we obtain: 
a(0) 1 
EVP 
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(230 ± 10) MPa and 
LYP 15% 
AGO = Va*(0) 
=--4 x 10-3 S-., O=4V, X=l . 0MV, 
0ý2000sý', Elm =mean of 1000&3000s , 
<ý' =4470sF, 'Oe=44 70 s7 'extrapolated data. 
300 500 
Temperature(K) 
1300 
1200 
-1000 
- 800 cc 
600 
k\ 
\\ 
\\ 
\\' 
\\ \ 
\\ \ 
\\ 
-- --------- -- 
-.... - -- --- -: ----------- - 
TC - 
400 
I ATHERMAL 
200 
0,100 300 500 700 
F--: 3 S--rlss a7ý 5- , ersý; ý3 -efncerar ý:: e Temperature(K) 
X=. l OOOs-', El = 2000sý; 
=4x 1 0-'sý-', C): =4s-1, 
_-L_ 
4470z; -' 
extrapolated point 
.. ý: I 
7 
238 
Using equation 10.10 to determine a*(O) and the values of V, G(O) and 
ca quoted above we obtain: 
AGOI = 3.37xlo-20j (0.21 eV) and AGOI = 3.28xlo-20j (0.21 eV) 
ILYP 
5% 
These energy levels at roughly 0.21 eV are of the correct order for 
the interaction of a dislocation with a short range barrier such as 
with another dislocation or with solute atcms (Cottrell, 1953). 
Figure 10.30 A and B show a Lyp and cr 5%- plotted against temperature 
respectively at various strain rates. Extrapolation of the curves for 
high strain rates (SHPB) give intersections with the stress axes at 
values of a(O) consistent with those quoted above. The basic thermal 
activation theory (1) predicts that for high test temperatures and low 
strain-rates the curves in Figure 10.30 should flatten out to a 
horizontal level, cra* The fact that they do not means that the flow 
stress is not entirely temperature independent for the prescribed 
conditions. Thus further tests at lower strain rates and higher 
temperatures are required to see if true athermal behaviour is to be 
found and hence a more precise value for aa established. 
A Similar temperature dependence of flow stress at low strain-rates 
was obsenred-by Harding (1977) for both anneaied and nomalised mild 
steels and also by Rnteiro et al (1970) for a-titanium. The latter 
ascribed the effect to a mechanism of dynamic strain ageing (see 
Section 10.3). For the results of this investigation it is likely that 
the onset of the 'true' athermal region must occur close to 573K so 
that the values Of ca quoted above represent a reliable indication of 
the athe: rmal flow stress. 
239 
If a rectangular barrier to dislocaticn moticn is assumed, as depicted 
ir-L Figure 10.27, then the Gibbs free energy may be expressed as (e. g. 
Hull and Baccn, 1984); 
AG = AGO (1 - -r (10.16) 
Since the thermal shear Stress, T* is related to the thermal stress, 
a* by 
cy MT (10-17) 
where M is the Taylor factor ("-YT, Harding, 1977) then equation 10.16 
is equivalent to 
Go (1 -a 
Substituting this into equatim 10.7 gives: 
(10.18) 
0*(T) = 
kr 0 ln (EP) +1 (10.19) 
cr 
* (0) AGO 10 
At a certain temperature, T= Tc the thermal energy of the material is 
not able to assist dislocations in overccming long range barriers and 
the flow stress reduces to ca. At this point a* (To) =0 so that from 
equation 10.19 we obtain: 
Tc k ln Q C/t P) 
(10.20) 
Table 10.7 presents values of Tc calculated for both the lower yield 
point and 5%- data. It is interestimg to note that values of Tc tend 
to converge at the low strain rates. The loci of Tc points are plotted 
AGO 
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in Figure 10.30 and represent the boundary between the athermal. M 
and thermal activation (II) regions according to the Rosenfield and 
Hahn deformation map (Figure 2.12). 
LYP T. (K) 5%- Tc (K) (S71) 
4470 502 448 
2000 430 389 
1000 382 349 
4 204 193 
4x 10-3 129 124 
TABLE 10.7: VALUES OF CRITICAL TEMPERATURE, Tc FOR VARIOUS STRAIN 
RATES Iýp 
In a similar fashion, at a given tenperature T, there will be a 
critical strain rate, ;c which marks the transition frcm, atliennal. (I) 
to thermal activation (II) type behaviour. A sirrple rearrarxjement of 
equation 10.20 gives: 
ýo exp f-, &Go/kT) 
a Values of Ec are tabulated in Table 10.8. 
(10.21) 
T (K) Lyp t 5%- 
163 0.2 0.4 
233 18 33 
293 147 270 
423 1830 3266 
573 8100 14216 
TABLE 10.8: VALUES OF CRITICAL STRAIN RATES, 
C AT VARIOUS TEMPERATURES 
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Equation 10.21 has been plotted as a straight line (long dashes) in 
Figure 10.28 and once again represents the boundary between the 
athermal (I) and thermal activation (II) regions. 
In Section 10.2.9 the simple thermal activation model (1) incorporating 
the parameters found in this section is fitted to the cr Lyp and a 5%- 
versus ýP data from Figures 10.5 to 10.14 and is compared with the other 
models dealt with here. 
10.2.4 Harding Semi-Empirical Analysis - Model (2) 
Harding (1981) in his work on, several alloy steels obtained a trend of 
points similar to that depicted in Figure 10.29 and found that the 
trend could be described adequately by a single curve of equation: 
kT 
cf a+ 
(cF 
o-a a) 
p)D 
0 
(10.22) 
where D is a ocristant. Campbell (1975) showed that an equation of the 
form 10.22 corresponded to an inverse dependence of activation volume, 
V, on the thermal ocnponent of the applied shear stress, -r such that 
VT (10.23) 
The inverse proportionality between V and -r* described by equaticn 
10.23 is an attractive feature of the theory since many workers (e. g. 
Conrad . (1961,1963), Harding (1977) and Ellwood et al (1984)] have 
found that the activation volume V increases markedly as the thenmi 
decreases at small values of a component of stress CF On the other 
hand whena* is large (> 100 VTa), V is virtually constant. This 
behaviour is reflected in the shape of the curve of experimental 
points plotted in Figure 10.29a. 
Substituting equations 10.23 and 10.17 for D and T respectively into 
equaticn. 10.22 gives 
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. 
/3 kr/V(ct - Ga) 
+( cr CY ý cFa 0- aa) 
(F, P) 
Co 
(10.24) 
which is equivalent to equation 2.19 introduced in Chapter 2. The 
form of equation 10.24 implies a Gibbs' free energy of activation 
given by: 
AG =E fl - ln [(a/c6) - 11) (10.25) 
where E is a constant. 
Rearranging and taking the natural logarithm of both sides of equation. 
10.22 gives: 
in a- 
kr in 
ý0) 
(10.26) 
a) = in 
(ao - aa) D 
In Figure 10.31A and B ln(cF - cra) has been plotted against kr in 
(ý 0/i P) for 
the crLyp and %% data respectively. The c5_W data (Figure 
10.31) shows a large amount of scatter and is not particularly linear 
hence the points bear little agreement with an equation of the form of 
10.26. Cn the other hand the LYP data (Figure 10.31A) shows better 
consistency and a least squares regression has. been carried out to find 
the best fit straight line to the points. This regression line has been 
rotated slightly about the median point so that the intercept with the 
y-axis occurs at a point which agrees with the flow stress at OK found 
previously, i. e. c(O) = 1160 MPa. This also has the benefit of 
providing a better fit to points for low temperature and high strain 
rates. Frcm the gradient of the line plotted in Figure 10.31A we obtain: 
D= (2.33 ± 0.3) x 10-20j (0.15 ± 0.2 eV) 
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Fran this value of D an approximate hyperbolic curve of v versus 
thermal stress, could be drawn up. 
The regression analysis just described has been used to fit a curve of 
equation 10.24 to the LYP data plotted in Figure 10.29 and is labelled 
(2). Quite clearly this Harding semi-ernpirical model (2) provides a 
better fit to the experimental points over a wide range of strain-rate 
than does the elementary model (1) since the changing activation 
volume V is implicit in equation 10.24. Model 2 is discussed further 
in Section 10.2.9. 
10.2.5 The 'Kocks' Model - Model (3) 
In the sirrplest thermal activation theory (1) a rectangular shaped 
variation of the force, F, opposing dislocation motion versus distance 
x was assumed. This over-simplification is bound to produce 
shortcomings in the model to accurately describe the mechanical 
behaviour within the thermally activated region (II). Davidson and 
Lindholm (1974) have investigated the effect of barrier shape in 
the=nal activation theory and have proved it to be a critical factor 
in matching up thermal activation mechanisms to the macroscopic 
behaviour of the material over a wide range of temperature and strain- 
rate. 
Figure 10.32 shows a more realistic barrier piýbfile for the variation 
of the resistive force, F, which opposes dislocation motion with 
distance, x. Kocks et al (1975) have shown that such a profile may be 
described by an equation for the Gibbs free energy of the form: 
AG AGO (1 - [. r*(T) I p)q (10.27) 
T*(O) 
where p and q must lie within the ranges: 
and 1<q< 
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Note that if p=q=1 then we have equation 10.16 again and the 
barrier is rectangular. A barrier profile which most closely 
resembles that depicted in Figure 10.32 is obtained when p= 1/2 and q 
= 3/2, Ono (1968). For greater precision the thermal variation of AGO 
should be considered and accounted for in equation 10.27. 
10.2.6 7he Mechanical 7hreshold Stress Model 
This model which involves definiryj the structural state of a material 
has been developed over the last few years by the 'high strain-rate 
mechanics' group working at Los Alamos (e. g. Follansbee et al (1985), 
Regazzcni et al (1987) and Anmstrong et al (1989)). Follansbee (1986) 
has shown that a (0) is dependent on the strain-rate and thus it is 
not strictly valid to ccmpare stress levels at constant strain for 
different strain-rates. The problem may be overcome by introducing a 
structure sensitive parameter, the mechanical threshold stress, a 
which is the stress at which the material in a given structural state 
would begin to first deform at OK. 
in this model the Gibbs free energy, based cn equation 10.27, is 
expressed as: 
90 pb3 f, - (0*)1/2)3/2 (10.28) 
where go is the normalised Helmbolz free energy, P is the temperature 
dependent -shear modulus, b is the Burgers vector. The product go 11 b3 
describes the temperature dependence of AGO. 
To use this model (Follansbee, 1986) involves straining the material 
to a given strain level at each strain-rate and temperature 
investigated and thereafter quasistatically reloading the material at 
three low temperatures: 76K, 180K and 295K. Extrapolation of these 
three experimental points gives the value of the mechanical threshold 
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stress, cr for the original test conditions. then, defines the 
structural state of the matexial. 
Clearly, to use-the approach outlined above would require a 
ocnsiderable amount of extra experimental work on top of the numerous 
tests over the wide range of temperatures and strain rates normally 
needed. In this project there was insufficient time to carry out the 
additional tests required to assess this particular rx)del. Quasistatic 
tests at liquid nitrogen temperatures would have proved a major 
difficulty in themselves with the existing facilities at UDughborough. 
10.2.7 Application of the Kock's model (3) to the CLm-rent Data 
In Sections 10.2.3 and 10.2.4 where models (1) and (2) were fitted to 
the experimental data it was seen that generally there was more 
scatter in the cr5t- Points than in the OLyp points. The reason for this 
may be due to differing amounts of work hardening in the a,,.,?. data 
especially between the low strain-rate and high strain-rate results. 
In this secticn the aR data has not been considered in order to avoid 
the duplication-of graphs. It is felt from the foregoing discussion 
that the lower yield stress, aLyp serves as a more reliable indicator 
of material behaviour and is therefore more suitable for the fitting 
of thermal activation theories. 
In this secticn. we deduce a rrcdel based on the discussion of the two 
preceding sections 10.2.5 and 10-2.6. Replacirxj shear stress, -r* with 
normal stress, cr * in equation 10.27 gives: 
AG =AGO (1 cy 
*)1/2)3/2 
0* 
00 =a (0) ý-- 'l(0) - 'ua 
(10.29) 
(10.30) 
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canbinirxj equation 10.29 with the Arrhenius rate equation 2.15 gives: 
1/2 
= (0 
*) 1/2 
- 
(0 0*) 
1/2 0 2/3 (a-ca) 
A GO2/3 
[kr ln C-, 2)1 (10.31) 
Ep 
Hence a plot of (a_ a )1/2 versus [kr in )]2/3 should produce a aP 
straight line. Such a plot has been made in Figure 10.33 for the LYP 
data using Ga = 230 IýTa and ýo = 5.3 x 105 s-1 as established in 
section 10.2.3. 
At first sight it is clear that the points plotted in Figure 10.33 do 
not form a single straight line but rather constitute a curve with a 
marked knee in it close to its mid-point. Nevertheless, an approximate 
linear regression fit has been made for the experimental points, 
slightly adjusted so that the intercept with the y-axis occurs at 
(cr LYP - cra) 
1/2 
= AM in accordance with a result frcm Section 10.2.3 
(see intercept on Figure 10.30A). This line has been drawn in Figure 
10.33 and is labelled (3A). Its equation is: 
a) 
1/2 
= 30.5 - 1.43 x 1014 [kr ln (Eo)]2/3 (10.32) 
ýp 
Ccmparism of 10.32 with 10.31 yields: 
A Go = 9.85 x1 -20j . 62 eV) 
which is of the correct order for the energy of activation of a 
dislocation with a short range barrier. 
The line (3A) serves as a first approximate fit to the results 
depicted in Figure 10.33. Although it lies close to some of the low 
strain-rate points it does not fit some of the high strain-rate points 
16 24 "N "' 32 
(kTin( ý,, / 
tý 
p 
))2/3X 10-14j2/3 
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so well. It is at high strain-rates where we sIxuld expect thenral 
activatia-L models to agree more closely with the experimental data and 
so we require something better here. 
The bend in the line of points plotted in Figure 10.33 suggests that 
it may be more appropriate to fit two straight lines of equation 10.31 
to the data, one for high strain rates and one for low strain rates. 
Accordingly, best fit lines have been drawn on the graph and are 
labelled (3B) and (3C) respectively. They intersect at JkT in 
ao/y) 2/3 = 12.4 x 10-14 (, 72/3). The equation of line (3B) is: 
0 
a )1/2 = 34 - 1.97 x 1014 (kr ln (ý'2))2/3 a ýp 
(10.33) 
giving AGO = 7.17 x 10-20,7 (0.45 OV). 
For line (3C): 
(a- cra )1/2 = 17 - 5.7 x 1013 fkr ln (co))2/3 (10.34) Ep 
crivim AGO = 1.61 x 10-19J (1 OV). 
Hence the ociThination of equation 10.33 for (kT in ý 'p))2/3 cv/t 12.4 x 
10-14 (j2/3) and equation 10.34 for Jkr in (ýC/ p))2/3 C> 12.4 x 
10-14 (j2/3) provides a reasonable description of the experimental 
results presented here. one good feature of this semi-errpirical model 
is that at high strain rates where short range obstacles play a 
significant role the barrier energy', AGO = 0.45 eV, while at low 
strain rates and elevated temperatures where long range obstacles play 
the major part in the dislocation &yn&nics, AGO, ý, 1 eV. Thus the 
combination of lines (3B) and (3C) reflect the changing nature of the 
obstacles to dislocation motion. 
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If the point of intersection between lines (3B) and (3C) is considered 
to mark the transition point between the thenrial activatim region II 
and the lathennal' region I, then it is possible to determine Tc and 
ýc as was done in Section 10.2.3 by notirxj that at the Itransiticn 
point' jkT ln (ýO/ý )12/3 = 12.4 x 10-14 (32/3). Values of T and ýc Pc 
calculated in this way are presented in Table 10.9. 
Tc (K) T (K) ec (s-1) 
4470 661 163 2x 10-3 
2000 566 233 0.7 
1000 503 293 11 
4 268 423 303 
4x 10-3 157 573 2149 
TABLE 10.9: VALUES OF CRITICAL TEMPERATURE Tc AND CRITICAL STRAIN- 
RATE, C DEFINED BY THE INTERSECTION OF LINES (3B) AND 
(3C) AT (kr In (ý 0/ý P) 
12/3 = 12.4 x 10-14 (. 32/3) 
In Section 10.2.9 model (3A) and the combination (3B)+(3C) are 
discussed further and are ccmpared with models (1) and (2). 
10.2.8 Ehpirical Linear Regressicn Fits (4) 
Figure 10.34A and B shows two Plots Of aLyp and a5%. respectively 
versus strain-rate ý for all the SHPB tests carried out in this 
project. It should be expected that in this high strain-rate regime 
thermal activation should be the dcrrdnant controlling mechanism for 
dislocation motion. Hence the plots of experimental points in Figure 
10.34 may be used to assess how well the models (1) to (3) discussed 
in the preceding sections fit the actual material behaviour. 
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The sixrplest way of dealing with the data in Figure 10.34 to determine 
an approximate relationship between strain-rate and stress is to find 
the best fit straight line through the points at each temperature. The 
straight lines drawn in Figure 10.34 (labelled (4)) have been 
calculated by the least squares method and their equations are given 
in Table 10.10. 
A LYP Data (Error in c= ±20 MPa, error in m= ±0.01 MPa. s) 
Test Teffperature Regression Equation 
163K 
233K 
293K 
423K 
573K 
a LYP = 758 
aLyp = 582 
OLYP = 430 
aLyp = 335 
CLYP = 270 
0.016 ý 
0 + 0.032 F. 
+ 0.040 ; 
+ 0.025 
+ 0.020 
B WO-o Data (Error in c= ±30 NlPa. error in m= ±0.014 Wa. s) 
Test Temperature Regression Equaticn 
163K a 5% = 802 + 0.015 
233K a= 607 + 0.05 5% 
273K a 5% 530 + 0.025 
423K a 5% 475 + 0.024 
573K cr 5% 410 + 0.019 
TABLE 10.10: LINEAR REGRESSION EQUATIONS FOR (A) LYP DATA AND (B) 5% 
DATA PLOTTED IN FIGURE 10.34 m= GRADIENT OF LINE AND 
c= INTERCEPT ON THE STRESS AXIS- 
It can be seen that all the equations in Table 10.10 take the fo=: 
'b + T' ý (10.35) 
where crb and TI are constants. Equation 10.35 is usually used to 
describe material behaviour at high strain rates when viscous drag is 
the controlling mechanism in the dislocation motion (see Campbell and 
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Ferguson, 1970) and usually only applies to region IV in the 
Rosenfield-Hahn defonmtion map (Figure 2.12). We should not expect, 
however, dislocation drag effects to beccme dcminant until strain 
rates of 104 s-1 are approached. Such a strain-rate is outside the 
range of this experiment but since the transition frcm region II to IV 
is gradual there may be some slight dislocation drag effects present 
in the SHPB results of Figure 10.34. 
inspection of Figure 10.34 does show that the straight lines (4) drawn 
there do provide a reasonable fit to the data. These best fit straight 
lines which are purely empirical provide a standard by which to 
compare the thermal activation models (1), (2) and (3) described in 
the previous sections. 
10.2.9 Carparison of the Models (1), (2), (3) and (4) 
In this section the theoretical models (1) and (3A), the semi 
empirical models (2) and (3B)+(3C) and the purely empirical linear 
fits (4), which were discussed in the preceding sections, are assessed 
and are ocmpared. with each other. Cnly the LYP data is considered here 
since the 5-W strain data was not thought to be as reliable. In Figure 
10.34A the SHPB results were presented in the linear plot of a UP 
versus ý P* As well as 
the experimental points the curves deduced frcm. 
models (3A) and (3B) were also plotted alqng with the best fit 
straight lines (4). Figure 10.35 is a repeat plot of the experimental 
data in Figure 10.34A only this time the curves due to models (1) and 
(2) have been included. As all five models apply to the thermally 
activated regime only experimental data recorded at strain rates above 
200 s-1 will be analysed in this section. 
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Tenperature 
(K) 
X103 
md msd 
(1) 
X103 
rnd msd 
(2) 
X103 
md msd 
(3A) 
X103 
md msd 
(3B) 
X103 
md msd 
(4) 
163 +1.86 1.58 +33.5 2.26 +51.7 3.48 +32.6 2.40 -1.18 . 411 
233 +28.7 4.60 +3.58 1.35 +4.67 1.21 +18.5 1.90 -2.5 . 714 
293 +22.6 2.01 -62.2 4.31 -62.3 4.28 -23.7 . 792 -1.44 . 249 
423 +81.5 6.88 +61.0 3.92 -77.0 6.23 -19.8 . 817 +1.73 . 164 
573 +88.3 8.85 -47.6 2.62 -53.2 3.48 -3.23 . 381 +1.14 . 252 
Man 44.6 4.78 41.6 2.89 49.8 3.74 19.6 1.26 1.60 . 358 
TABLE 10.11: MEAN DEVIATION (md) AND YEAN SQUARE DEVIATION (msd) OF 
EXPERMMAL POINTS FRCM YMELS (1), (2), (3A), (3B) AND 
THE LINEAR REG? MSION FITS (4) 
Assessing how well the models (1) to (4) fit the experimental results 
is perhaps best dcne by measuring the distance of the points frcm. the 
curves plotted in Figures 10-34 and 10.35. Two convenient measures of 
this distance averaged for all points are the mean deviation (md) and 
the mean square deviation (msd) defined by the. equations below: 
n 
E 
xi 
ird -1 (10.36) n 
and 
msd 
(Axi) 
n 
(10.37) 
where n= total number of points and Axi is the vertical distance of 
the ith point fran the curve of fit. ' If this point lies below the 
curve then Axi is negative, if above then Axi is positive. 
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Of the two, msd is the better indicator since discrepancies above the 
curve do not cancel those below. Values of md and msd are displayed in 
Table 10.11 for each test temperature. By inspection of the row of 
mean md and msd figures it is imrediately obvious that the best fit 
straight lines (4) are closest to the experimental points. (3B) 
appears to be the best of the thermal activation models. 
Figure 10.36 is a plot of the aLyp data plotted over the ccrnplete 
strain-rate range covered in this project. cn top of the experimental 
points has been drawn the curves from models (1), (2) and (3A). Model 
(1) appears as a straight line on this log-plot and only applies to 
the high strain-rate points. There appear to be large discrepancies 
between the curves and the corresponding experimental points and in 
places it is difficult'to tell which curves belong to which points. 
Curve (2) for the Harding semi-empirical model gives a fair 
representation of the experimental trend over the whole range of 
strain rates but is perhaps more accurate at low strain-rates than at 
high strain rates where it should be better. 
Figure 10.37 is a repeat plot of the points in Figure 10.36 but here 
the lines drawn were deduced from the (3B)+(3C) ccmbinaticn. it is 
pleasing to see how well this last thermal activation model fits the 
experimental data. Also plotted on this graph-is the locus of ýc for 
the five different temperatures determined frcm the values given in 
Table 10.9. This line marks the boundary between the thermal 
activation region II in which the dislocation motion is determined by 
obstacles of energy 0.45 eV and the athermal region I in which long 
range obstacles of energy 1 OV operate. 
Clearly, no thennal. activation model can be expected to satisfy the 
experimental data without disparity. The work of this section of the 
Chapter has revealed the inportance of the barrier shape and how the 
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model can be improved by choosing a barrier profile similar to that 
outlined in Figure 10.32 (equation 10.29] than the 'rectangular' 
barrier, Figure 10.27 [equation 10.181. Apart from barrier shape the 
thermal activation theory is also vulnerable in making the simplifying 
assumptions that obstacles are evenly distributed and that only one 
type of obstacle operates at a given instance. As well as it being 
highly likely that more than one type of obstacle opposes the movement 
of dislocations, it is also likely that more than one dislocation 
mechanism operates under a given set of conditicns. 
Ncnetheless the good agreement of the curves in Figure 10.37 with the 
experimental points is a vindication -of the (3B) + (3C) corrbination 
model and detronstrates that thermal activation plays the major part in 
the material behaviour at high strain-rates between 200 s7l and 500C) 
S-1. 
10.3 A NOTE ON SERRATICNS (THE PORTEVIN-LE CHATELIER EFT=) 
Figure 9.22 displayed the set of low and intermediate strain-rate 
results fran the ESH and Instron tests at 30OPC. As discussed earlier 
these curves show some interesting trends: the yield stress is 
independent of strain-rate, the collection of curves show a negative 
strain-rate sensitivity (i. e. flow stress decreasing with increasing 
strain-rate), and the Instron curve was serrated at low strain. All 
these effects are signs of dynamic strain ageing and the multiple 
yield observed in the Instron curve is known as the Portevin-Le 
Chatelier effect or sometimes is referred to as "blue brittleness". 
N 
Cottrell (1953b) has noted how discernible serrations, or Multiple 
yield points actually are dependent on the testing machine. in 'hard, 
machines where sudden plastic deformation causes stress relaxation, 
the serrations appear as repeated oscillations of the applied stress. 
On the other hand, in 'soft' machines where the stress cannot relax, 
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serrations-are seen as alternate vertical and horizontal steps on the 
curve corresponding to periods in which the rate of plastic flow is 
either practically zero or very large. It is possible that in the ESH 
machine which is 'hard', the Portevin-Le Chatelier effects in the 
results obtained at elevated temperatures may have been overlooked or 
disregarded as electrical noise from surrounding equipment. On the 
two occasions where serrations were observed using the Instron machine 
('soft') there was no interfering noise on the chart recorder trace so 
that the presence of a genuine Portevin-Le Chatelier effect was 
unequivocal. 
Nurnerous studies have been made on the Portevin-Le Chatelier effect in 
iron and mild steel, for example, Sleeswyk (1958), Blakwrxe and Hall 
(1966) and Keh and Leslie (1963) using an electron microscope. A 
particularly ocuprehensive investigaticn has been carried out by Keh 
et al (1968) on a 0.035% carbon steel. They found that serrations 
would start to appear on the load-displacement curves at taTperatures 
between 500C and 1000C and would disappear again at temperatures 
between 2000C and 3000C. It was proposed that the material behaviour 
between these two bounds could be described by an Arrhenius type 
equation: 
ý=A exp (--Q/RT) (10.38) 
where A is a constant, R is the universal gas constant and Q is the 
activation energy for the process. 
At the point where serrations just begin to appear the activation 
energy is OD - the activation energy required for the diffusion of 
solute C and N atoms. At the point where they start to disappear the 
activation energy is OD + AE where AE is the bindirxj energy for aC or 
N atom with a dislocation core. Hence by observiryj the onset and 
disappearance of serrations measurements of OD and LE can be made. To 
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do so though requires a large number of tests to be performed between 
room temperature and 'v 3000C. Unfortunately in this project 
insufficient experimental data was collected over this teaperature 
range to allow an accurate detennination of AE and QD- Ndnetheless 
this is an interesting consideration for future work. 
what the graph of Figure 9.22 does show however is that the portevin- 
Le Chatelier effect definitely does influence the mechanical behaviour 
of type 224 carbon steel at elevated taTperatures in common with iron, 
mild steel and related metals. 
10.4 SUMMARY 
This Chapter is arguably the most important of the whole thesis for in 
it we have taken the ocirplete set of results frrm the project (Chapter 
9) and analysed them in considerable detail. The ompeting effects of 
adiabatic thennal softening and work hardening in the plastic regicn 
have been investigated and quantified. It has been found that 
adiabatic softening accounts for a substantial reduction in the 
observe flow stress, particularly at low twiperatures and high strain- 
rates. 
The second half of the Chapter (10.2) has dealt with the subject of 
thermal activation. It has been sham that the material behaviour in 
the SHPB tests can be explained largely in terms of thermal activation 
mechanisms. Three such models have been applied to the experimental 
data starting with the simple rectangular barrier model (1) which is 
usually applied. It has been found that a modified curved barrier 
shape (3A+3B) provides the best description of the SHPB results 
presented here. 
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CHAPTER 11 
ALWGRAP 
11.1 INTRODUMON 
The use of optical and electron microscopy plays a very important role 
in the study of materials mechanics. Such microscopic techniques 
allow the experimeter to gain a detailed knowledge of the initial 
microstructure of a material which can then be ocmpared with changes 
in that structure after or even during the application of a krAMM 
deformation. In this manner the relationship between mechanical 
properties and the underlying microscopic mechanisms may be 
determined. Over recent years the electron microscope has been an 
invaluable aid in the development, understanding and confirmation of 
dislocation behaviour in metals. 
Many studies in materials mechanics, especially those in which new 
materials are concerned, place the main emphasis on understanding the 
microstructure and consequently the use of electron and optical 
microscopes feature more prcminently. In the present investigation 
into the mechanical properties of 224 steel, the primary aim was to 
establish these properties accurately over a wide range of conditia-is 
and so only a small portion of the project -time was dedicated to 
microscopic analysis. This approach was felt to be justifiable since 
the steel was not altered from the 'as received' condition in any of 
the tests performed. Had the effect of grain size on the mechanical 
properties been investigated, then greater use of optical microscopy 
would have been required. 
Nevertheless, this chapter presents photographs taken from both 
optical and electron microscopes which give a pictorial insight into 
p 
L 
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FIG 11.1 Showing orientations in which two halves of each specimen 
were mounted in a resin block before exmaination under an 
optical microscope. 
L is the view from the top of the sample 
T is the transverse section through the sample. 
i 
A) T-View 
ý 0.1 mm 
B) L-View 
Fig 11.2 Micrographs of sample RA(l y1 73) 
IOx5mm untested 
Plu 
A) T-View 
10.1 
mm 
B) L-View 
F-lig 11.3 Micrographs of sample RA(2,5,1) 10x5mm 
"3 -1 after quasistatic testing at a strain-rate of los 
A) T-View 
10.1 
mm 
B) L-View 
Fig 11.4 Micrographs of sample PA(2,3,1) 10x5mm 
SHPB tested at 26ms-' 
T-View 
.V *ý 
10.1 
mrn 
B) L-View 
FigI 1.5 Micrographs of sample RA(2,1,1) 10x5mm 
SHPB tested at 37ms7l 
A) T-View 
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Fig 11.6 Micrographs of sample PA(5.2.2) 8x4mm 
Untested 
A) T-View 
B) L-View 
TO. 1 rnrn 
Fig 11.7 Micrographs of sample RA(6.3.2) 8x4mm 
Tested Quasistaticafly 
-3 -1 ý, ý-los 
I 
A) T-View 
ýO. 1 mm 
B) L-View 
Fig 11.8 Micrographs of sample RA(2.1.2) 8x4mrn 
Tested on SHPB at 25ms' 
I 
A) T-View 10.1 
rnrn 
B) L-View 
Fig 11.9 Micrographs of sample PA(3.1,2) 8x4mm 
Tested on SHPB at 36ms" 
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the microstructure of 224 carbon steel. They reveal a field in which a 
considerable amount of further work could have been carried out had 
more time been available. 
11.2 OPTICAL MICROSCOPY 
All the optical microscopy in this project was undertaken by a local 
metallurgy firm, Chaniwood Consultants Limited. Four 8x4m and 
four 10 x5 m-n cylindrical samples were sent to them for analysis. In 
both groups of four the conditions of the samples were untested, 
quasistatically tested (; % 10-3 S-1), SHPB tested at 25 ms-1 impact 
speed and SHPB tested at 36 ms-1 impact speed. At Charnwood 
Consultants each sample was cut in half and the two halves were then 
mounted in an epoxy resin block, in two perpendicular orientations as 
illustrated in Figure 11.1. 
After mounting the specimens were polished and etched. Micrographs of 
the etched sample surfaces at a magnification of xlOO are shown in 
Figures 11.2 to 11.5 and Figures 11.6 to 11.9 for the 10 x5 mm and 8 
x4 mm specimens respectively. 
One thing which is apparent upon examination, of the micxx)graphs is 
that there is little variation in the grain structure throughout the 
whole series which embodies a vast range of testing conditions as well 
as two orthogonal orientations. 
The sketch of Figure 11.10 illustrates the typical grain structure 
seen in the micrographs of Figures 11.2 to 11.9. The areas of white 
are pure ferrite grains which are usually surrounded along their 
boundaries by the darker material which is pearlite (ferrite plus 0.8% 
C in the form of Fe3C) and cementite (Fe3C). The 'greyer' grains 
indicated by diagonal shading in Figure 11.10 may be all pearlite else 
grain Poundary 
laths 
pearlite 
FIG 1 1.9A Sketch of typical grain structure as seen 
in the micrograph of FIGI 1.9 
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the greyness could be due to etching effects. For type 224 steel with 
a carbon content of 0.18% the pearlite, content should arnount to 23%. 
The fact that on most of the micrographs the dark pearlite area is 
roughly equal to the white ferrite area is an i nrl I cation of over- 
etching of the samples. 
The ferrite grain size analysis made by Charnwood Ccnsultants is given 
in Table 11.1. 
10 x5 rnm SAMPLES 
Grain Size 
Specimen ASIM No. 
RA (1,1,3) L 
Untested T 
4 equi-axed 
5 banded 
RA (2,5,1) L 
Quasistatic T 
PA (2,3,1) 
-1 
L 
SHPB 2 ms T 
RA (2,1,1) L 
SHPB 7 ms T 
5 banded 
4 banded 
4 equi-axed 
5 banded 
6 equi-axed 
5 banded 
8x4 mm SAMPLES 
Grain Size 
Specimen ASIM No. 
RA (5,2,2) L 
Untested T 
3 equi-axed 
4 banded 
RA (6,3,2) L 
Quasistatic T 
RA (2,1,2) L 
SHPB 25 ms7l T 
PA (3,1,2) L 
SHPB 36 ms-1 T 
3 equi-axed 
4 banded 
4 equi-axed 
4 banded 
4 eclui-axed 
5 banded 
TABLE 11.1: GRAIN SIZE ANALYSIS CONDUCTED 13Y CHARNWOOD CONSULTANTS 
LIMITED ON 8 TYPE 224 STEEL SPECIMENS 
The ASTM numbers, N for grain size, correspond' to a certain number of 
grains per square inch, n, in accordance with the relationship: 
2N-1 (11.1) 
The ASTM numbers in Table 11.1 have been estimated for the most 
frequently occurring grain size in each sample. The range of, grain 
sizes in any one sample is approximately ±1 ASTM. There is not nuch 
grain size variation in the ccmplete set of micrographs, Figures 11.2 
to 11.9, and it would be reasonable to describe the batch as a whole 
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as "ASTM 3 to 5". Table 11.2 presents figures for grain size 
diameter, d, for the range of ASTM numbers observed in this batch of 
specimens. 
ASTM 3456 
Grains/in2 48 16 32 
Grain diameter (pm) 140 100 70 50 
TABLE 11.2: SHOWING RELATIONSHIP BETWEEN ASTM NUMBER, NUMBER OF 
GRAINS PER SQUARE INCH AND GRAIN DIAMETER 
On some of the micrographs of Figures 11.2 to 11.9 and especially on 
those for high rate deformation (Figures 11.5 and 11.9) thin needle 
like structures or laths about 5 to 10 lim. wide a observable. It is 
possible that these may be growths of martensite or bainite formed 
during the normalisation process during the steel's manufacture. more 
likely, however, they represent the formation of "twins" during the 
deformation tests. "Twinning" is usually prevalent at high strain 
rates and thus it is not surprising to find evidence for the effect in 
the micrographs of Figures 11.5 and 11.9 for which the s&rples were 
compressed at the highest projectile velocity in the SHPB system. 
Apart from this indication of "twinning" there are no signs that the 
various rates of deformation of the samples have altered the 
microstructure of the steel from its original non heat treated 
untested state (Figures 11.2 and 11.6). 
11.3 TRANSMISSION ELECTlW MICROSCOPY (TEM) 
11.3.1 Sample Preparaticn 
A microstructural examination was undertaken in the electron 
microscope unit of the University's Institute of Polymer Technology 
and Materials Engineering (IPTME). Four 10 x5 mm specimens were 
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chosen for the purpose, each one representing one of the following 
_ 10-3 S-1), conditions: untested, quasistastically tested (ý v SHPB 
tested at an impact speed of 25 ms-1 (ý z 1000 s-1) and SHPB tested at 
37.5 ms-1 (ý =- 2000 s-1). Frcrn these samples 0.1 mm thick discs of 3 
mm diameter were cut out by electrical discharge machining ('spark 
erosion') along transverse planes through each cylindrical sample, 
parallel to its central axis. The discs were then electropolished at 
50V with a circulating sulphuric acid-ethanol electrolyte in a twin 
jet electropolisher at roan temperature. Polishing was stopped when a 
hole first appeared in the disc as detected by transparency to light. 
In this way foils of thickness about 1000 A were formed around the 
0 
holes which were then observed in a TEM operated at 100 W. 
11.3.2 Electron Micrographs 
Using a transmission electron microscope it is often possible to 
measure dislocation densities, p and the Burgers vector, b in metals. 
To do this necessitates taking pictures of the same area of foil at 
three different orientations. However when this was attempted with 
the type 224 steel foils it was found that the magnetic nature of the 
steel interacted with the electron beam so that clear pictures of the 
foil were possible at ONE orientation only. Hence it was not possible 
to determine b and p here. The way round this problem which is conTcn 
to all ferritic steels is to build small oopp-ý-r frames which replace 
rx)st of the steel in the 3 mm diameter disc apart from the thin 
material at the centre. Since the amount of magnetic matter is 
substantially reduced by this construction, the interference with the 
electron beam is lowered so that clear pictures at 3 orientations may 
be found. 
Unfortunately, the process of mounting foils on copper frames can be 
time consuming and insufficient time was available to do this during 
the project. This meant that a quantitative analysis of dislocaticn 
F'Ifg 11.10 Electron micrograph x208, OOO magnification 
showing complex tangle of edge & screw dislocations 
in a mechanically untested specimen. 
Fig 11.11 Electron Micrograph x27 1 000 magnification 
in an Instron tested specimen. The picture shows the 
interaction of screw dislocations (thin straight lines) 
with an obstacle (dark diagonal shadow). 
Fig 11.12 Electron micrograph x271,000 magnification 
in a SHPB tested sample at 25m§! The picture shows 
screw dislocations on the 112 plane, 
slip direction< 111 >. 
I. AIP Alt' e Fig 11.13 Electron Micrograph x300OOO magnification 
from a sample SHPB tested at impact speed of 37-Sms". ' 
The picture shows dislocations on the 112 plane , 
slip direction < 111 > 
Fig 11.14 Electron Micrograph x 100,000 magnification 
on sample SHPB tested at 37.5ms. 'The picture shows 
twinning 
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densities for the four different deformation conditions of the 
specimens was not Possible. Nevertheless the mi cro graphs presented in 
this section do give a qualitative view of dislocations. The area 
shown in each micrograph is of the order of one square micron that is 
about 0.1% of a single grain area. 
Figure 11.10 sbows a ccrnplex tangle of screw and edge dislocations 
observed in the untested specimen. These are forest or primary 
dislocations. Such tangled masses of dislocations were seen over 
large areas of the specimens including those which had been 
plastically deformed. It was not possible to tell whether the 
density of such tangles increased with increasing deformation rate. 
Figure 11.11 shows screw dislocations (thin'straight lines) 
interacting with an obstacle (dark diagonal shadow) which may be a 
precipitate at a grain boundary. 
Figures 11.12 and 11.13 show regular arrays of screw dislocations in 
the (112) plane, slip direction <111> in samples SHPB tested at 
25 ms-1 and 37.5 ms-1 respectively. These pictures are slightly marred 
by the Iblotchiness' of the background which is due to rusting which 
occurred even though the foils were stored in a vacuum. 
Figure 11.14 is a relatively lower magnification (x 100,000) 
micrograph of foils frcm, the specimen SHPB tested at 37.5 ms-1. The 
picture shows a lath type structure which has been formed by twinning. 
This was confirmed by X-ray diffraction which showed that the twins 
had been formed on the (112) plane. Only on foils frcm this specimen 
which had been deformed at the highest rate 2000 s-1) was this 
type of lath structure observed. 
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11.4 CONCUMING REMARKS 
This Chapter has qualitatively touched upon a subject of great 
pertinence to the mechanical testing of materials. Under different 
circumstances, at least half of the project time might have been 
dedicated to the metallographic investigations described above. It 
would have been especially interesting to have observed the effect of 
heat treatment on the microstructure of 224 steel and hence its 
mechanical properties and also to have determined the amount of 
dislocation multiplication takiryj place in high-strain rate tests by 
accurately measuring dislocation densities. In future SHPB studies at 
Loughborough it is reccmTended that the electrcn microscx)pe facilities 
in IPTME are exploited to the full as well as their optical 
microscopes which are capable of xlOOO magnifications. 
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CHAPTER 12 
CCNCLUSICNS AND RECOMENDATIMS FDR FURTHER WORK 
The work described in this thesis has successfully achieved its 
principal objective which was to establish the mechanical properties 
of type 224 carbon manganese steel (BS 1503 - 430 grade) at strain- 
rates between 10-4 s-1 and 4000 s-1 and at temperatures between -1100C 
and +30CPC. The results have slx)wn that within these temperature and 
strain-rate ranges there, are two discernible regions of mechanical 
behaviour; an athermal. region I (low ý, high T) in which yield stress 
and flow stress are relatively insensitive to either strain-rate and 
temperature, and region II (high ý, low T) in which the mechanical 
deformation of the steel is controlled by thermally activated 
mechanisms. It has been shown that a reasonable fit to data in the 
thermal activation region is provided by a modified fom of the Kock's 
model (equation 10.27) which incorporates a 'bell' shaped barrier to 
dislocation motion rather than a rectangular one, which is more often 
used. 
Cn route to producing the comprehensive set of experimental data in 
Chapter 9, a number of important achievements have been made. most 
notable has been the successful measurement of adiabatic temperature 
rises in SHPB samples, which can be as higli as +909C in the low 
temperature tests (-110PC and -4CPC). Measured temperature rises 
within the specimens agree with theoretical expectations assuming that 
virtually all the plastic work of deformation is converted into heat. 
From these measured and calculated temperature rises it has been 
Possible to draw up effective lisothenTiall stress versus strain curves 
for the Hopkinson bar data. When these are compared with the 
original adiabatic curves it is seen that thermal softening has an 
appreciable effect on the flow stress. 
, 2.64 
The project has established the validity of using three materials 
testing systems (Instron, ESH and SHPB) at Loughborough to determine 
the mechanical properties of 224 steel and similar materials. Scme 
important aspects of tensile testing have been evaluated - using the 
SHPB and Instron methods. It has been shmm that for the tensile test 
pieces used here the gauge length decreases with increasing strain 
above 10% and it was necessary to quantify this change before the 
records from the tensile tests could be interpreted sensibly. In 
general it was found that both tensile and ocapression specimens used 
througbout the course of the work, although optimally designed for 
high strain-rate conditions, were not of the optimum design for 
quasistatic testing. In future work it may prove wise to include a 
second set of tensile (dimensions complying with BS 18) and 
oompressicn (2 > 1/d > 1) test pieces which are better suited to low 
strain-rate testing. The advantages are that tensile test pieces 
which comply with BS IS have a nearly constant gauge length which 
hardly varies throughout a test and compression samples specified 
above are less sensitive to frictional effects. 
A mainly qualitative metallographic examination on tested and untested 
samples has been carried out. There is great scope for further work 
in this area which might concentrate on using the transmission 
electron microscope to measure dislocation densities at various 
strains and strain-rates. Such experimental studies could be compared 
with existing theories of dislocation dynamics and could lead to a 
further refinement of the thermal activation models discussed in 
Section 10.2. Measurements and structural analysis using the optical 
microscope are equally important especially when specimens are heat 
treated before testing. This would also be another worthwhile 
exercise. 
2 '165 
Unfortunately in this experiment it was not possible to obtain 
quasistatic results at temperatures lower than -4CPC due to the high 
thermal conductivity of the steel platens and machine jaws which held 
the specinv-:, m in place. In future it should be possible to design a 
cryogenic system capable of sustaining temperatures of -1100C and 
lower, perhaps, by incorporating low thermal conductivity ceramic 
platens instead of steel ones. 
In future experiments on this type of steel or on other materials use 
can be made of the ccmputer program described in Chapter 5. The 
program could be suitably employed in the design of cIzW samples 
between the first maraging steel bar and the 431 bar to shape the 
incident SHPB pulse so that it has a longer initial rise time and 
hence produces a lower initial loading rate in the specimen. 
Furthermore, the program is useful in estimating the time for stress 
equilibrium to be achieved in SHPB samples of different materials and 
also could be applied to tensile test samples. 
The use of the ESH machine has gone a considerable way in bridging the 
gap in strain-rate between quasistatic rates of the order 10-3 s-1 and 
the lowest SHPB rate of approximately 100 s-1. However there is still 
a gap between 100 s-1 and the highest achievable rate fran the ESH 
machine of about 4 s-1. The strain-rate sensitivity seems to increase 
within this very range, thus it would be useful to have a testing 
machine capable of delivering strain-rates from about 1 s-1 to 100 S71 
and Producing final strains in the sarrPle of at least 101. In the 
lowest SHPB strain-rate tests (m, 100 s-1) the permanent strain in the 
sample is seldom above 1.5%. 
A suitable machine for the, task, a drop weight tower, is currently 
under development in the Physics Department at Loughborough 
University. The early indications are that this drop weight apparatus 
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may produce permanent strains of 10 to 20%- in the strain-rate region 
50 to 300 s-1 for carbon steel samples, but the method has the 
disadvantage that the strain-rate during the test is not ocnstant. 
It would be interesting to ccnduct further studies into dynamic strain 
ageing and the Portevin-Le Chatelier effect (serraticns) in type 224 
steel at low strain-rates, by collectiryj data at narrower tenperature 
intervals between -10CPC and +40OPC. 
Also of interest would be the measurement of adiabatic temperature 
rises in specimens of other materials by the thermocouple methods 
developed in Chapter 8. 
It is hoped that the results and discussion presented in this thesis 
will make a worthwhile contribution to the safe transportation of 
radioactive materials. 
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